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ABSTRACT 
The Magnetic Fields of Young Stars 
: .by-..-
Hao Yang 
The T Tauri stars (TTSs) are young, solar-type stars which display many spectral 
pecularities. Understanding the magnetic properties of TTSs is a key to make sense of 
their curious behaviors. First, high resolution optical and infrared (IR) echelle spectra 
are analyzed to measure the surface magnetic field of the classical T Tauri star (CTTS) 
TW Hydrae. Key stellar parameters are determined from detailed spectrum synthesis 
of atomic and molecular absorption features in the optical, and then modeling the 
line profiles of the four magnetically sensitive Ti I lines in the K band yields the 
average magnetic field on TW Hydrae. Extensive Monte Carlo tests are performed to 
quantify systematic errors in the analysis technique, finding that reasonable errors in 
the effective temperature or surface gravity produce around 10% uncertainty in the 
magnetic field measurements. 
Then a similar analysis technique is applied to detect strong magnetic fields on 
5 additional stars in the TW Hydrae Association (TWA) as well as 14 TTSs in 
the Orion Nebula Cluster (ONC). We combine these measurements with previous 
measurements of 14 stars in Taurus to study the potential evolution of magnetic field 
i i i 
properties during the first 10 million years of stellar evolution. 
In addition, to probe the magnetic geometry on the surface of TW Hydrae, high 
resolution circular spectropolarimetry of this star is analyzed to measure the net 
longitudinal magnetic field. Significant polarization is detected on the final night of six 
consecutive nights of observing, but no net polarization is seen on other nights. This 
longitudinal field detection is still much lower than that which would be consistent 
with a dipole geometry on the stellar suface. On the other hand, strong circular 
polarization is detected in the He I A5876 and Ca II A8498 emission lines, indicating 
a strong field in the line forming regions of these features. 
Overall, strong magnetic fields of kG level are commonly found among TTSs and 
the magnetic configuration is probably not a simple dipole as current magnetospheric 
accretion theories assume. With magnetic pressure likely dominating over gas pres-
sure in the stellar photospheres, the entire stellar surfaces could be covered with 
magnetic fields, and this might be responsible for the underproduction of the X-ray 
emission of TTSs. It is also suggested that these large-scale magnetic fields could be 
of a primordial origin. 
IV 
Acknowledgements 
During my six years of study at Rice, I have been very fortunate and grateful to 
receive a lot of help and support from many people. First of all, I want to express 
my heartfelt thanks to my advisor, Prof. Christopher M. Johns-Krull, who has not 
only been a mentor providing guidance to my academic development but also a good 
friend helping me adjust to life in a totally different country. I would also like to 
thank Dr. Jeff A. Valenti of the Space Telescope Science Institute for his comments 
and suggestions that lead to many improvements of my thesis manuscript, as well as 
his work in collecting the IRTF data which are used in my thesis work. Dr. Kenneth 
Hinkle of NOAO deserves my gratitude for his assistance with obtaining the data at 
the Gemini South Telescope. In addition, I wish to acknowledge many instructive 
course lectures and group meeting discussions with Prof. Patrick M. Hartigan. 
I'm very grateful to all my friends I got to know in Houston, many of whom are 
or were at Rice. Their friendship and care are deeply treasured. Last but definitely 
not least, I would like to thank nay parents, Hongzhen Xu and Yingzhong Yang, for 
their precious love and unconditional support as always. 
Contents 
List of Figures viii 
List of Tables , x 
Introduction 1 
Magnetic Field Measurements of the Classical 
T Tauri Star T W Hydrae 11 
2.1 Introduction . . . . . . . . . . . . . . .... . . . . . . 11 
2.2 Observations and Data Reduction . . . . . . . ..... . . . . . . .-.,,. . 12 
2.3 Analysis . . , . . . . . . . . . . . . . . . . - ' . . . . . 14 
2.3.1 Fit to the Optical Spectrum . . . . . . . . . . . . 15 
2.3.2 Fits to the Infrared Data . . . . . . . . . . . . • • • • • • • • • 17 
2.3.3 Test of Analysis Technique . . . . . ', . . . . . . . . . . . 26 
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 29 
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 
The Magnetic Fields on the Stars in T W Hydrae Association 41 
3.1 Foreword . . . . . , 41 
3.2 T h e T W H y d r a e A s s o c i a t i o n . . . •.'.'.' . . . . . . 4 2 
3.3 Observations and Data Reduction . . 43 
vi 
3.4 Analysis and Results 44 
3.4.1 TWA 5A . 4 9 
3.4.2 TWA 7 . . . . . 50 
3.4.3 TWA8A. . . . ..'.-, . . . . . . . . . . . . . . 52 
3.4.4 TWA 9A & 9B . . . . . . 55 
3.5 Discussion . . . 56 
4 The Magnetic Fields on T Tauri Stars in the Orion Nebula Cluster 65 
4.1 The Orion Nebula Cluster . . . . . . . . . . 65 
4.2 Observations and Data Reduction . . . . . . . . . . . . . . . . . . . . 66 
4.3 Analysis and Results 66 
4.4 Discussion . . . . . .'.. . 70 
5 Spectropolarimetry of TW Hydrae 81 
5.1 Forword 81 
5.2 Observations and Data Reduction . 81 
5.3 Analysis . . . . . . . . . 83 
5.3.1 Photospheric Bz . . . . . . . . . . . . . . . . . . . . . . . . . . 83 
5.3.2 Magnetic Fields in the Emission Line Region . . . 88 
5.3.3 Ha Line Profiles . . . . . . . . . . . . . . . . . . 95 
5.4 Discussion ' . . . . . 96 
V l l 
6 Concluding Remarks 104 
List of Figures 
1.1 A Schematic Cartoon of a CTTS and Its Circumstellar Enviroment . 5 
2.1 Best Fit to the Optical Spectra of TW Hya . . . . . . . . . . . . . . . 18 
2.2 TheObserved CO Line Profiles of TW Hya . . . . . . . . . . . . . 19 
2.3 Best Fit of Infrared Spectra Using a Single-Component Magnetic Field 
Model . . . . . . . ; . . . . . . ..;. ;..'., . . . . . . . . . . . 22 
2.4 Best Fit of Infrared Spectra Using the Multi-Component Magnetic 
Field Model M3 . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . 27 
3.1 Best Fit of Infrared Spectra of TWA 5Aab System . . . . . . . . . . 51 
3.2 Spectra of TWA 7 Along With Several Spectral Type Standards in the 
2.2228,/mi Setting. : . . . . . . . . . . . . . . . . . . . 53 
3.3 Best Fit of Infrared Spectra of TWA 7 . . . . . . . . . . . . . . . . . 54 
3.4 Best Fit of Infrared Spectra of TWA 8A . . . . . . . : . . . . . . . . 55 
3.5 Best Fit of Infrared Spectra of TWA 9A . . . . . . . . . . . . . . . . 57 
3.6 Best Fit of Infrared Spectra of TWA 9B . . . . . . . . . . . . . . . . 58 
3.7 Observed X-ray Luminosity Plotted Against the Predicted X-ray Lu-
minosity For the TWA Stars . . . •'.'; . . . . . . . . . . . 62 
4.1 K-Band Infrared Spectra of 2MASS 05353126-0518559 . . . . . . . . 72 
ix 
4.2 K-Band Infrared Spectra of VI123 Ori 73 
4.3 K-Band Infrared Spectra of V1348 Ori 74 
4.4 Measured Magnetic Fields Plotted Against Age For the Orion, Tau-
rus/Auriga and TWA Stars . . . . . . . ; . . . . . . . . 75 
4.5 Measured Magnetic Flux Plotted Against Age For the Orion, Tau-
rus/Auriga and TWA Stars .... . . . : . . . . . . . . . . . . . . . . . 76 
4.6 Observed X-ray Luminosity Plotted Against the Predicted X-ray Lu-
minosity For the Orion, Taurus/Auriga and TWA Stars . . 79 
5.1 Time Series of the Longitudinal Magnetic Field Values in the Photosphere 91 
5.2 Plot of 5\/(9.34 x 10_7A2) against Lande ^-factors ". . 92 
5.3 Observed LCP and RCP Spectra of He I A5876 Line and Ca II A8498 
Line from April 26, 1999 . . . . . . . . . . . . . . . . . . ; . . . . . . 93 
5.4 Time Series of the Longitudinal Magnetic Field Measured by He I 
A5876 1ine . . . . : . . . . . . . . . . . . , . ,. . . . . . . . . . . . . ... 94 
5.5 Ha Line Profiles from Six Consecutive Nights 95 
List of Tables 
2.1 Journal of Observations . . 13 
2.2 Best Fit Atmospheric Parameters for Optical Spectra. . 17 
2.3 Multi-Component Magnetic Fits. . . . . . . . . . . . . . . . . . . . . 25 
2.4 Test Results for Fitting Artificial Data, Part One . . . . . . . . . . . 28 
2.5 Test Results for Fitting Artificial Data, Part Two . . . . . . . . . . . 30 
2.6 Test Results for Fitting Artificial Data, Part Three . . . . . . . . . . . 31 
3.1 Journal of Observations . . . . . . . . . .'.-. . . . . . . . . . • . „ . . . . 44 
3.2 Magnetic Field Measurements . . . . . . . . . . . . . . 46 
4.1 Journal of Observations . . . . . . . . . . . . . . . . . . . . . . . . . 67 
4.2 Stellar Parameters . . . . . . . . . . . . . . . . .'." . . 69 
4.3 Magnetic-Field Measurements. . . . . . . . . . . . . . . . . . . . . . . 71 
4.4 Magnetic Field Properties and X-Ray Luminosities. . . 80 
5.1 Observations and Results . . 83 
5.2 Photospheric Field Measurements; 84 
Chapter 1 
Introduction 
The T Tauri stars (TTSs) are a class of late-type variable stars which Joy (1945) 
named after the brightest star in his sample, T Tau. The original criteria include 
large and extremely irregular light variation, spectral type F5-G5 with emission lines 
resembling of the solar chromosphere, low luminosity, and association with dark or 
bright nebulosity. It turned out later that the eleven stars reported by Joy (1945) 
are all K and M stars, due to the low resolution of the original observations. The 
definition of TTSs were refined by Herbig (1962) and later Bastian et al. (1983), and 
was based solely on spectroscopic properties, notably, strong and variable emission in 
the Balmer series of hydrogen and the Ca II H and K lines. 
Initially the young nature of these low mass solar-type stars was not widely rec-
ognized. They are commonly associated with molecular clouds where star formation 
is generally thought to occur, but early speculations interpreted TTSs as field stars 
passing through the nebulae. They were later found to be kinematically consistent 
with the molecular clouds which they are projected onto (e.g., Herbig, 1977). The 
case of youth for TTSs is strengthened by the fact that they are often found in the 
vicinity of OB associations, the lifetime of which are typically a few million years. In 
addition, conspicuous absorption is commonly seen in the Li I A6707 line of TTSs, 
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and the lithium abundance deduced from this line is significantly larger than their 
late-type main sequence (MS) counterparts (e.g., Strom et al., 1989) and is consis-
tent with the interstellar value (e.g., Magazzu et al., 1992). Such strong presence of 
lithium absorption indicates that TTSs have not evolved to the stage where lithium is 
consumed in nucleosynthesis and depleted, suggesting the pre-main sequence nature 
of TTSs, On the Hertzsprung-Russell diagram (HRD), TTSs are located above the 
main sequence, on theoretical convective pre-MS Hayashi tracks (Hayashi, 1966; Co-
hen & Kuhi, 1979), indicating ages of a few million years (Myr), For comprehensive 
discussion on the properties of TTSs, readers are directed to reviews by Appenzeller 
;;& Mundt (1989), Bertout (1989) and Menard & Bertout (1999). 
Stars that fit the "classical" definition of Herbig (1962) are now; commonly referred 
to as classical T Tauri stars (CTTSs). It is now widely agreed upon that many spectral 
peculiarities of CTTSs are linked to the presence of a dusty circumstellar disk which is 
actively accreting material onto the central star. The accretion columns are thought 
to strike the stellar surfaces at the speed of a few hundred kilometers per second, 
giving rise to excess continuum emission as well as line emission at ultraviolet (UV) 
and optical wavelengths. Another category of TTSs, which do not appear to have 
dusty accretion disks, are called naked T Tauri stars (NTTSs) (Walter, 1986). The 
term "weak or weak-lined T Tauri stars" (WTTSs) is commonly used to refer to 
NTTSs. Its definition is based purely on the observed equivalent width of the Ho; 
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emission line, usually a cut-off value at 10 A. However, there is evidence that at least 
some WTTSs are nevertheless accreting material from circumstellar disks at rates that 
are comparable to CTTS (e.g., Littlefair et al., 2004). "NTTS" is used here to refer 
to stars that do not show any sign of accretion. They are mainly discovered through 
X-ray surveys, and they possess all other typical TTS characteristics but show little 
or no Balmer line emission or excess continuum at UV, IR or radio wavelengths. It 
is generally believed that pre-MS stars evolve through a CTTS phase and become a 
NTTS on the way to main sequence. 
In the last few decades, substantial observational efforts have been put forth in 
various windows of the elecetromagnetic spectrum to advance our understanding of 
T Tauri stars. As Joy (1945) noted in his pioneering work, the line spectra of TTSs 
resemble that from the solar chromosphere, only at an enhanced level. Early investi-
gations considered that the distinct spectral features of TTSs may be due to a hot, 
compact region immediately above the stellar photospheres, i.e., a chromosphere by 
solar analogy. Subsequent work by, e.g., Cram (1979) and Herbig & Soderblom (1980) 
mostly explored chromosphere models, and was able to explain many observed T Tauri 
features. However, as pointed out by Calvet et al. (1984), a purely chromospheric 
model was not able to account for the observed fluxes of both the Ca II and Mg II 
resonance lines and the fluxes of Balmer line emission, and an extended circumstellar 
region would need to be added to reconcile the situation where unphysical models 
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would otherwise result. Excess continuum in the IR also suggests the presence of 
circumstellar disks (e.g., Adams et al., 1987). With the advancement of observational 
instruments and technologies, spectra at high spectral resolution clearly confirmed 
that the widths of the emission lines are much greater than that which could be ex-
plained with a single, compact chromosphere (e.g., Hamann &; Persson, 1992). Multi-
wavelength observations supplied more evidence for disks surrounding the CTTSs. 
Sargent & Beckwith (1987) detected a gaseous, disk-like structure surrounding the 
GTTS HL Tau with millimeter-wave interferometric images. More recently, direct 
imaging of edge-on systems by Hubble Space Telescope (HST) leaves little doubt the 
existence of such disks (Burrows et al., 1996; Stapelfeldt et al., 1998). Another im-
portant spectral characteristic which was one of the original TTSs pecularities is the 
blue-shifted absorption features seen in emission lines. These absorption components 
are found in the Balmer lines (Kuhi, 1964), indicating mass outflows. Blue-shifted 
emission is also often seen in the forbidden lines (Edwards et al., 1987). The mass 
loss process is in the form of both wide-angled stellar winds and highly collimated 
jets, which are believed to be driven by disk accretion (Hartmann et al., 1993). A 
schematic cartoon of a CTTS and its circumstellar enviroment is shown in Figure 1.1. 
To make sense out of the curious behaviors of TTSs, it is essential to understand 
the properties of stellar magnetic fields, which are thought to play a pivotal role 
throughout the entire star formation process. For NTTSs, dynamo generated mag-
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Figure 1.1 A schematic cartoon of a CTTS and its circumstellar enviroment, created 
by Christopher M. Johns-Krull. Use with permission. 
netic fields are believed to be responsible for most of their activities, such as flares 
and cool spots. The strong and variable X-ray emission observed from TTSs, im-
plying strong coronal activity, is thought to come mainly from energy dissipation in 
magnetic fields during flares and flare-like events (Giidel et al., 2003). For CTTSs, 
there is now a concensus that magnetic fields directly control the interaction between 
the the stars and their circumstellar disks (Bouvier et al., 2007). During the disk ac-
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cretion process, the disk is believed to be truncated at some radius by strong stellar 
magnetic fields, and disk material is directed along the field lines to flow onto the 
stellar surface, most likely at high stellar altitude. It was suggested by Basri (1987, 
1990) that such interaction between the disk and the central star could be an impor-
tant contributor in the line formation region. The disks of CTTSs are also believed 
to be the birthplace for planets, and the inward migration of the planets could be 
eventually halted by the stellar magnetic fields at the radius at which the magnetic 
field truncates the inner portion of the disk (Lin et'.'al., 1996; Eisner et al., 2005). 
The details of how magnetic fields regulate the accretion process is still under 
debate and have stimulated numerous theoretical speculations. Konigl (1991) further 
developed the model of Ghosh & Lamb (1979) and suggested that stellar magnetic 
fields of kilo-gauss level could couple effectively to the inner region of the disk and 
help remove the excess angular momentum from the star while allowing steady-state 
accretion, preventing the star from spinning up to breakup speed. Shu et al. (1994) 
proposed a generalized "x-wind" model and under this scheme, disk truncation hap-
pens at the co-rotation radius by closed field lines, and accreting material is directed 
along these field lines and deposited onto the star. Open field lines just outside 
the co-rotation radius allow partially ionized disk material to flow off the disk in a 
centrifugally driven wind. 
These magnetospheric accretion models generally assume a dipole magnetic geom-
7 
etry and predict a range of magnetic field strengths, depending the detailed setup of 
the models. Johns-Krull et al. (1999b) examined three (Konigl, 1991; Collier Cameron 
& Campbell, 1993; Shu et al., 1994) of the magnetospheric accretion theories and de-
rived analytic expressions for the surface magnetic field of CTTSs. These models 
show that the the surface field strength depends on the stellar mass, radius, rotation 
rate, and the mass accretion rate onto the star from the disk. With estimates of these 
quantities, one can predict the surface magnetic field strength and compare them 
with the observational results to test the theories. 
Another intriguing issue is the origin of magnetic fields on TTSs, which has sparked 
various theoretical considerations. It is still far from clear how the strong fields on 
these stars are produced. Due to their youth, most TTSs are fully convective. As a 
result, a solar-like interface dynamo (e.g., Durney & Latour, 1978; Parker, 1993) is 
unlikely to be responsible for the fields on TTSs. One potential alternative mechanism 
is a distributed dynamo amplified by convective motions (e.g., Durney et al., 1993). 
In addition to a possible dynamo origin, the magnetic fields of TTSs could also result 
from the primordial flux that survives the star formation process (e.g., Moss, 2003). 
To differentiate the current theories, there's pressing need for empirical measurements. 
On the other hand, direct detection of magnetic fields on late-type stars are dif-
ficult and the measurements have been limited. Basri et al. (1992) made the first 
direct detection of magnetic fields on a TTS, TAP 35. Their analysis is based on 
' 8 
the increase of the equivalent width in moderately saturated magnetically sensitive 
lines due to Zeeman splitting. This method is particularly sensitive to the choice of 
effective temperature and gravity used when analyzing the stellar line measurements. 
Guenther et al. (1999) applied this method and detected strong fields on'a, few TTSs. 
The most successful approach for measuring the total magnetic flux has been to 
measure the Zeeman broadening of spectral lines in unpolarized light. For any given 
Zeeman <j component, the splitting resulting from the magnetic field is 
AA = — G - ^ \ 2 g B = 4.67 x \T1X2gB mA (1.1) 
where g is the Lande ^-factor of the transition, B is the strength of the magnetic 
field in kG, and A is the wavelength of the transition in A. This method was first 
proposed by Robinson (1980) and later improved by Saar (1988) to take into account 
radiative transfer effects and include full Zeeman patterns. Valenti et al. (1995) first 
utilized magnetic diagnostics near 1.6 /an in the infrared where the Zeeman splitting 
is more prominent thanks to its A2 dependence. The broadening caused by Doppler 
machanisms (rotation, turbulence) is simply proportional to A1. Johns-Krull et al. 
(1999b) detected Zeeman broadening in the Ti I line at 2i2233 /xm on the CTTS 
BP Tau and obtained a field strength of B = 2.6 ± 0.3 kG, averaged over the entire 
surface of the star. From analysis of four Ti I lines near 2.2 //m, Johns-Krull et al. 
(2004) also detected a strong magnetic field of 2.5 ± 0.2 kG on the NTTS Hubble 4. 
In addition, these authors examined several CO lines near 2.3 /xm, which are mag-
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netically insensitive, and found no excess broadening above that due to rotational 
and instrumental effects. While a sensitive measure of magnetic field strength, Zee-
man broadening measurements give little information on the magnetic field geometry 
which is generally assumed to be dipolar by the magnetospheric accretion models. 
Another method for measuring magnetic fields is to detect net circular polarization 
in Zeeman-sensitive lines. In Zeeman splitting patterns, a-components are generally 
circularly polarized with the components of opposite helicity split to either side of 
the nominal line wavelength. When observed through a right-circular polarizer (RCP) 
and left-circular polarizer (LCP), a net longitudinal component of the magnetic field 
should be distinguishable between the observed Zeeman-sensitive lines components 
in opposite sense of polarization, if the magnetic topology on the stars is somewhat 
organized. However, Johns-Krull et'al. (1999a) and Daou et al. (2006) did not detect 
net polarization in photospheric absorption lines of the CTTSs BP Tau and T Tau, 
respectively. Smirnov et al. (2003) reported a longitudinal magnetic field, Bz, of 
160 ± 40 G and 140 ± 50 G on T Tau from two observations, which is a marginal 
detection that was not confirmed by their follow-up observation (Smirnov et al., 2004). 
On the other hand, net polarization is clearly detected in the He I 5876 A emission 
line, first discovered by Johns-Krull et al. (1999a) on BP Tau. This He I line is 
believed to form in the postshock region (Hartmann et al., 1994; Edwards et al., 1994) 
where disk material accretes onto the star and the detection on BP Tau yielded a net 
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longitudinal field of 2.46 ±0.12 kG in the line formation region. Circular polarization 
in the narrow component of the He I line has now been observed in several CTTSs 
(Valenti & Johns-Krull, 2004; Symington et a l , 2005). 
So far the limited number of magnetic measurements of CTTSs give evidence that 
the accretion process of the CTTS is indeed controlled by strong stellar magnetic 
fields, possibly a dipole component, but the overall magnetic geometry is probably 
dominated by small-scale structures. However, the statistics are still poor and the 
evidence is far from conclusive. In order to further test magnetospheric accretion 
theories, investigate the magnetic properties of TTSs, and shed light on the origin 
of strong fields on these stars, more observational constraints are required and this 
is the goal of this work. This thesis is organized as follows. In Chapter 2, Zeeman 
broadening of the CTTS TW Hydrae is reported. In Chapter 3 and Chapter 4, 
Zeeman broadening measurements of 5 other stars in the TW Hydrae association 
(TWA) and 14 stars in the Orion Nebula Cluster (ONC) are discussed, respectively. 
In Chapter 5, spectropoloarimetry of TW Hydrae is presented to explore the field 
geometry on this star. A summary of the results and some concluding remarks follow 
in Chapter 6. (Chapter 2 has been published as a separate paper in the Astrophysical 
Journal [Yang, Johns-Krull and Valenti, ApJ, 2005, 635, 455], and Chapter 5 has also 
been published in the Astronomical Journal [Yang, Johns-Krull and Valenti, A J, 2007, 
133, 73]. Both Chapter 3 and 4 will appear as papers in the literature.) 
Chapter 2 
Magnetic Field Measurements of the Classical 
T Tauri Star T W Hydrae 
2.1 Introduction 
The CTTS TW Hya is a K7Ve(Li) star (Herbig 1978) located at a distance of 56±7. 
pc (Wichmann et al., 1998) in the TW Hydrae association. TW Hya is 13° from the 
nearest dark cloud, but it nonetheless has a disk with a mass of ~ 5 x 1O-3M0, as 
inferred from dust emission (Wilner et al., 2003). According to images at visible, 
near-IR, millimeter and sub-millimeter wavelengths (Krist et al., 2000; Wilner et al., 
2000; Alencar & Batalha, 2002; Weinberger et a l , 2002; Qi et a l , 2004), the optically 
thick disk is seen nearly face-on, extending to a radius of at least 3^ 5 (200 AU). 
Rucinski & Krautter (1983) find that TW Hya has all the properties of a classical T 
Tauri star, such as strong and variable Balmer emission lines (see also Webb et al., 
1999) and a strong IR excess (see also Jayawardhana et al., 1999). Strong UV excess 
emission suggests ongoing accretion onto the star with an accretion rate estimated at 
2 x lO_9M0yr_1 (Herczeg et al., 2004). Age estimates for TW Hya range from 7 - 15 
Myrs (Hoff et al., 1998; Webb et al., 1999; van Dishoeck et a l , 2003). 
Here we report detection of Zeeman broadening in four Ti I lines in the K band, 
indicating that a strong magnetic field covers most or all of the surface of TW Hya. To 
further verify the magnetic nature of the detected broadening, several magnetically 
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insensitive CO lines are also observed in the IR, exhibiting no broadening beyond 
that expected from stellar rotation as determined from an analysis of the optical 
spectrum. We also present an extensive analysis of possible systematic errors, finding 
that reasonable errors in effective temperature and gravity contribute only a ~10% 
uncertainty to the derived mean field. 
2.2 Observations and Data Reduction 
We obtained optical spectra at the 2.1 m Otto Struve telescope at McDonald Ob-
servatory on 1999 February 5 and 6. A Reticon 1200 x 400 CCD was used to record 
each spectrum covering the wavelength interval 5803 - 7376 A. The spectrograph slit 
was approximately 1"07 arcsec wide on the sky, which projected to ~ 2.14 pixels on 
the detector, resulting in a spectral resolving power of R =. \/8\ — 56,000. These 
spectra were reduced using an automated echelle reduction package written in IDL 
that is described by Hinkle et al. (2000). Data reduction included bias subtraction, 
flat-fielding by a normalized incandescent lamp spectrum, scattered light subtraction, 
cosmic ray removal, and optimal extraction of the spectrum. Wavelengths were de-
termined by fitting a two-dimensional polynomial to nX as function of pixel and order 
number, n, for several hundred thorium lines observed in an internal (part of the spec-
trograph assembly - post telescope) lamp. In addition to observations of TW Hya, 
spectra were also obtained of a rapidly rotating hot star, a Leo, at similar airmass 
to correct for contamination by telluric absorption lines. Table 2.1 summarizes the 
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Table 2.1 Journal of observations. 
Wavelength Setting Main Lines UT date UT time Observatory Total exposure time(s) 
2.2228 /mi 
2.2300 Aim 
2.31294 Aim 
5803 - 7376 A 
5803-7376 A 
T i l 
Ti I 
CO 
TiO 
TiO 
16-Apr-98 
14-Apr-98 
15-Apr-98 
05-Apr-99 
06-Apr-99 
06:47 
07:39 
07:37 
07:28 
07:10 
IRTF 
IRTF 
IRTF 
McDonald 
McDonald 
3200 
4500 
6300 
10800 
7200 
optical observations. 
The K-band spectra presented here were obtained at the NASA Infrared Tele-
scope Facility (IRTF) in April 1998. Observations were made with the CSHELL 
spectrometer (Tokunaga et al. 1990; Greene et al. 1993) using a 0T5 slit to achieve a 
spectral resolving power of R ~ 36,200, corresponding to a FWHM of ~ 2.7 pixels 
at the 256 x 256 InSb array detector. A continuously variable filter (CVF) isolated 
individual orders of the echelle grating, and a 0.0057 /zm portion of the spectrum was 
recorded in each of 3 settings. The first two settings (2.2218 and 2.2291 /um) each 
contain 2 magnetically sensitive Ti I lines. The third setting (2.3125 /im) contains 
several strong, magnetically insensitive CO lines. Each star was observed at two posi-
tions along the slit separated by 10". The K band spectra were reduced using custom 
IDL software described in Johns-Krull et al. (1999b). The reduction includes removal 
of the detector bias, dark current, and night sky emission. Flat-fielding, cosmic ray 
removal, and optimal extraction of the stellar spectrum are also included. Wavelength 
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calibration for each setting is based on a 3rd order polynomial fitted to n\ for several 
lamp emission lines observed by changing the CVF while keeping the grating position 
fixed. Dividing by the order number for each setting yields the actual wavelength 
scale for the setting in question. In each wavelength setting, we observed TW Hya 
and a Leo. The IR observations are also summarized in Table 2.1. 
2.3 Analysis 
The Ti I lines in the K band are excellent probes of magnetic fields on cool stars 
because of the A2 wavelength dependence of the Zeeman effect (eq.[l.l]) compared 
to the A1 dependence of Doppler broadening. Here we measure the magnetic field 
on TW Hya by modeling the profiles of K band absorption lines. Since other line 
broadening mechanisms such as rotation are also potentially important, we must first 
demonstrate that we can accurately predict the appearance of the spectrum in the 
absence of a magnetic field. Several steps are required to achieve this goal, and the 
work here builds on the results of Johns-Krull et al. (1999b) and Johns-Krull et al. 
(2004). 
: First, the optical spectrum of TW Hya is fit assuming no Zeeman broadening, 
since rotational and turbulent broadening dominate at these wavelengths. Based on 
fits to the solar spectrum in Johns-Krull et al. (1999b), we have precise atomic line 
data for the regions of the spectrum used here to determine atmospheric parameters. 
Fitting the optical spectrum of TW Hya yields the stellar parameters Teff, log g, 
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[M/H], vsmi and veiling (r). Using the resulting parameters, the nonmagnetic IR 
spectrum is predicted, and comparison with the observations shows obvious excess 
broadening in the observed T i l line profiles, while no such excess broadening is seen 
in the magnetically insensitive CO lines. This excess width in the Ti I lines is then 
modeled as Zeeman broadening, using a polarized radiative transfer code (Piskunov 
1999). Matching the observed Ti I profiles then gives the strength and filling factor 
of magnetic regions on the surface of TW Hya. 
2.3.1 Fit to the Optical Spectrum 
The details of the spectrum synthesis and fitting procedure are given in Johns-
Krull et al. (1999b). Briefly, spectra for the optical wavelength regions are calculated 
on a grid (in Teg, log g, and [M/H]) of model atmospheres. The nonlinear least squares 
technique of Marquardt (see Bevingtoh & Robinson 1992) is used to fit the observed 
spectrum, solving for the key stellar parameters, namely, Te^, logg, [M/H], vsini, 
and r. Spectra between model grid points are computed using three-dimensional 
linear (with respect to the model parameters Tefi,\ogg and [M/H]) interpolation of 
the resulting spectra. The model atmospheres are the "next generation" (NextGen) 
atmospheres of Allard & Hauschildt (1995). We interpolate the logarithm of the line 
depth rather than residual intensity, because the former quantity varies more slowly 
with changes in model parameters, yielding more accurate interpolated values. Ro-
tational broadening is larger than the effects of macroturbulence in TW Hya, which 
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makes it difficult to solve for vmac. We adopt a fixed vmac of 2 km s_ 1 from an extrap-
olation to K7 of class IV stars given in Gray (1992). It was found by Valenti et al. 
(1998) that in M dwarfs, microturbulence and macroturbulence were degenerate for 
the low trubulent velocities considered here. Therefore, microturbulence is neglected, 
allowing vmac to be a proxy for all turbulent broadening in the photosphere. Spec-
tra are synthesized in 3 optical regions, centered on 6151 A, 6498 A, and on the 
TiO bandhead at 7055 A, which provides excellent temperature sensitivity. Following 
Johns-Krull et al. (1999b), we only use features which are modeled well in both the 
solar spectrum and the spectrum of 61 Cyg B, a K7V reference star. 
TW Hya model parameters determined by "fitting-the optical spectrum are given 
in the first row of Table 2.2. Observed and synthetic spectra for the three wavelength 
regions are shown in Figure 2.1. The Marquardt technique used to find the best 
fitting stellar parameters also gives formal uncertainties, but the actual uncertainties 
in derived parameters are completely dominated by systematic errors resulting from 
residual uncertainties in the line data and the model atmospheres used in the fit. To 
estimate these uncertainties we reanalyzed the observed spectra using 9 out of 10 
atomic line intervals between 6140 - 6500A (indicated by contiguous bold segments 
in the bottom two panels of Figure 2.1), cycling through all 10 combinations. This 
procedure yields 10 alternate values for each model parameter and the standard de-
viation of each parameter value provides a more realistic estimate of it's uncertainty. 
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Table 2.2 Best Fit Atmospheric Parameters for Optical Spectra. 
Par am 
Value 
a 
Tes 
(K) 
4126 
24 
log3 
(cm s—2) 
4.84 
0.16 
[M/H] 
-0.11 
0.13 
vsini 
(kms- 1 ) 
5.80 
0.63 
Veiling 
0.61 
0.15 / 
These uncertainties are listed in the second row of Table 2.2. The order containing 
the 7055 A molecular band head is always included in this procedure because this 
band head is such a strong temperature constraint. It is likely that our estimate of 
the systematic uncertainty on the Tefj determination is an underestimate. 
2.3.2 Fits to the Infrared Data 
Using the parameters (Teff, log<7, [M/H], and vsmi) determined by the optical 
fits, we fit the magnetically insensitive CO lines at 2.3 /^ m and the magnetically 
sensitive Ti I lines at 2.2 ^m. The CO lines serve as a check that the parameters 
determined in the optical accurately represent the IR spectrum (particularly the line 
width), while the Ti I lines allow a determination of the magnetic field on TW Hya. 
The two categories of IR data are discussed separately below. Johns-Krull & Valenti 
(2001) find no K band veiling for this spectrum of TW Hya. Therefore, no veiling is 
used in the fits to the IR data for both the CO and Ti I line regions. 
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Figure 2.1 Best fit to the optical spectra (histogram : data ; smooth solid line : best 
fit with log g as a free parameter ; dash-dotted line : best fit with logg fixed at 4.38). The 
thick regions of the histogram are the spectral regions actually used in the fit. 
Magnetically Insensitive CO Lines 
Line data for CO is taken from Goorvitch (1994) for the CO XE+ state. We con-
structed a model atmosphere by interpolating a grid of NextGen model atmospheres 
to the Teff, log g, and [M/H] obtained in the optical analysis. We then synthesized 
the CO line spectrum and convolved with a Gaussian corresponding to the spectral 
resolving power of the observed spectrum. Continuum normalization was the only 
free parameter used to match the observed and synthetic spectra, which are com-
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pared in Figure 2.2. The shape of the synthetic spectrum is determined entirely by 
parameters obtained in the optical analysis. Within the signal-to-noise ratio of the 
data, the model spectrum in Figure 2.2 shows good agreement with the observed 
spectrum, yielding a reduced x2 °f Xr = 2.00. Line strengths are off slightly, but 
this could in principle by corrected by tuning CO oscillator strengths. However, our 
primary concern is the widths of the CO lines, which are aqcurately reproduced by 
the synthetic spectrum, demonstrating that we are correctly modeling the dominant 
nonmagnetic broadening mechanisms. 
1.07 
1.02 
0.97 
•"M 0.93 
B 0.88 
> 
0.82 h (0 
0.78 
0.72 
i i i I i i i i i i i I I I I I I " T— T" • 
2.3090 2.3100 2.3110 2.3120 2.3130 2.3140 2.3150 
Wavelength(/i,m) 
Figure 2.2 The solid histogram shows the observed CO lines of TW Hya. The dash-
dotted curve shows the model spectrum produced by fitting the optical spectrum. No fitting 
was done to the CO lines. 
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Magnetically Sensitive Ti I Lines 
Single Field Component Model 
We start by applying a simple model in which some fraction of the surface is 
covered by a field of a single strength, while the rest of the surface is field free. Such 
a model is then specified by a single field strength, B, and the filling factor, / , of 
that field on the surface. By analogy to the mean field direction in solar plage, we 
assume a radial field geometry in the stellar photosphere. We assume that thermal 
structures are identical in magnetic and field-free (quiet) regions. This is appropriate 
for optically thin flux tubes (e.g., plage), but probably not for large spots. The 
thermal structure of magnetic regions on TTS is unknown, nor are any applicable 
models available for use in our analysis. 
The spectrum synthesis including magnetic fields has been described in Johns-
Krull et al. (1999b). Only one Ti I line was used to model magnetic fields on BP 
Tau in Johns-Krull et al. (1999b). Strong K band veiling in BP Tau masked any line 
strength uncertainty due to errors in atomic data. In the case of Hubble 4 in Johns-
Krull et al. (2004), there is no K band veiling and all the Ti I lines used here were 
available to model. After comparing with the solar spectrum and that of 61 Cyg B, 
the gf values of the 4 Ti I lines were adjusted to match the profiles observed in 61 Cyg 
B. Here for TW Hya, we adopt the gf values for the Ti I lines from Johns-Krull et al. 
(2004). The Marquardt technique is used again to solve for the best fitting values of 
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the magnetic field strength and the filling factor. The key atmospheric parameters 
(Teff, logg, [M/H], and vsini) are held fixed at values determined from the analysis 
of the optical data. The best fit to the IR data with a single field component model 
yields B = 3.35 kG and / = 0.66, and this model is shown in Figure 2.3 along with 
the model assuming no magnetic field on TW Hya. The model with a magnetic field is 
clearly a much better fit to the observed spectrum, yielding a reduced x2 oi.xf = 1.70 
(computed considering only the points in the Ti I lines shown in bold in Figure 2.3). 
The non-magnetic model with all parameters fixed to values from the optical analysis 
gives Xr — 5.63. For comparison with the models below, we note that B = Bf = 2.21 
kG for this model. 
Multi-Component Field Models 
The single field component model provides a decent fit to the observed lines; 
however, the strengths of the lines at 2.22112 and 2.22740 jum are over-predicted. In 
addtion, the observed profiles are broad and smooth, while the computed profiles show 
obvious inflection points. In Johns-Krull et al. (1999b) this motivated the authors 
to construct multi-component field models which provided the best fit to BP Tau 
Ti I profile. In Johns-Krull et al. (2004) several multi-component field models are 
applied and improved the fits as well. It was also found in Johns-Krull et al. (1999b) 
that multicomponent models with too many field components are degenerate since it 
is difficult to constrain separate field components with relatively small differences in 
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Figure 2.3 Best fit of infrared spectra using a single-component magnetic field model. 
Magnetically sensitive Ti I lines are fitted, where the bold regions indicate the portions 
of the spectrum actually used in the fit (histogram: data; dash-dotted line: fit without 
magnetic field; smooth solid line: fit with magnetic broadening). 
field strength due to the combined effects of the spectrometer resolution and stellar 
rotation. In the case of BP Tau in Johns-Krull et al. (1999b), the effective magnetic 
resolution is about 2 kG. For Hubble 4 in Johns-Krull et al. (2004), the high vsini 
of 14 km s - 1 lowers the resolution of Zeeman components, but simultaneous fitting 
of four Ti I lines with different Lande #-values improves the situation, resulting in 
approximately the same effective magnetic resolution as the analysis of BP Tau in 
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Johns-Krull et al. (1999b). Here, in the case of TW Hya, the vsini is only about 6 
km s"1. Following the calculations in Johns-Krull et al. (2004), an effective magnetic 
resolution of ~ 1.5 kG is estimated. Motivated by our previous results, we apply multi-
component magnetic field models to TW Hya. We start with a two field component 
model to fit the data. 
The two field component model divides the surface of the star into three regions: 
two covered with magnetic fields of different strengths and filling factors, and the last 
region is field-free. The sum of the filling factors of the three components must be 
1.0, and the spectra from the different regions are multiplied by their filling factors 
and summed to generate the final model spectrum. We again use the Marquardt 
technique to find magnetic field strengths and filling factors that produce the best 
fit to the observed line profiles. The two field component model yields a somewhat 
smoother fit to the observed line profiles with a smaller Xr value of 1.29. The resulting 
magnetic field strengths and filling factors for the best fit are B\ = 3.0 kG, / i = 0.56 
and £?2 = 6.5 kG, f2 = 0.16. The mean field on the stellar surface for this model 
is B — Bifi + B2f2 = 2.72 kG. To estimate uncertainties caused by potential errors 
in the atmospheric parameters derived from optical analysis, we re-analyze the IR 
spectra using a grid of assumed atmospheric parameters in which we vary Teff ± 400 
K from the value in the default model, vary log <? down by 0.5 from the default model, 
and vary [M/H] down by 0.5 from the default model. This results is a total of 12 
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different fits to the observed line profiles. Taking the mean and standard deviation 
of the resulting B values gives a new estimate of B = 2.44 ± 0.25 kG on the stellar 
surface. 
In order to explore whether additional components improve the fit significantly, 
we repeated the analysis described above for models with three or more components, 
each with a distinct field strength. For each model, we determined the filling factors 
for each component by fitting the observed Ti I line profiles, using the Marquardt 
algorithm. Table 2.3 summarizes our results for three different multi-component 
models: Ml includes components with field strengths of 0 - 5 kG in steps of 1 kG, 
M2 includes components with field strengths of 1 - 5 kG in steps of 2 kG, and M3 
includes components with field strengths of 0 - 6 kG on steps of 2 kG. The last two 
rows of Table 2.3 give the reduced x2 a n d mean magnetic field over the surface for 
each model. All three models produce good fits to the data and indicate average 
field strength over the entire surface of 2.6 - 2.8 kG. Model Ml with 1 kG steps is 
underconstrained, given the Zeeman resolution of 1.5 kG discussed above, leading to 
an anomalously low filling factor for the 1 kG component, relative to the 0 and 2 kG 
components. Models M2 and M3 with 2 kG steps are well constrained. Given our 
Zeeman resolution, we cannot tell whether the component with the weakest field has 
a characteristic field strength of 0 kG or 1 kG. 
Fig 2.4 compares model M3 with the observations. The reduced x2 f° r these 
Table 2.3 Multi-Component Magnetic Fits. 
Ml M2 M3 
/okG 0.20 0.18 
/ l k G 0.04 0.32 
faa 0.20 0.38 
/3kG 0.28 0.45 
/4kG 0.12 0.32 
/5kG 0.16 0.23 
/6kG 0.11 
Xl 1.32 1.34 1.31 
B (k.G) 2.6 2.8 2,7 
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models is similar to but slightly larger than that found from the two field component 
model, suggesting that 2 components are adequate to fit the data for TW Hya. The 
differing values of B derived from all the models considered reflect the systematic 
uncertainty associated with the choice of the model used to analyze the data. Since 
models Ml, M2, and M3 and the two field component model have similar xf values, we 
take the mean and standard deviation of these as our best estimate for the average field 
on TW Hya: B — 2.71 ±0.08 kG. Above, we found that taking into account potential 
errors in the assumed stellar parameters resulted in an additional 10% uncertainty 
which we add in quadrature to that just given, to arrive at a final mean field estimate 
of B = 2.71 ±: 0.28 kG. Given that we have spent some considerable effort to derive 
accurate stellar parameters for TW Hya, we believe this is a conservative estimate of 
the unceratinty in the mean magnetic field. 
2.3.3 Test of Analysis Technique 
As described above, we determined the magnetic properties of TW Hya by fitting 
the IR spectra of Ti I lines in the K band. In this section, we use a Monte Carlo 
analysis to assess the stability of our analysis technique and the possible impact of 
systematic errors. We synthesize model spectra with a range of known magnetic 
properties, adding noise comparable to the uncertainty in our actual observations, 
and then we analyze each synthetic spectrum using our analysis technique. To create 
simulated observations, we adopted stellar parameters appropriate for a typical K7 
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Figure 2.4 Best fit of infrared spectra using the multi-component magnetic field model 
M3. Magnetically sensitive Ti I lines are fitted with the regions actually used in the fit 
shown again in bold (histogram: data; dash-dotted line: fit without magnetic field; smooth 
solid line: fit with magnetic broadening). 
TTS similar to TW Hya, namely Teff = 4000 K, logg = 3.5, [M/H] = 0.0, and vsini 
= 6.0km s -1,. ' 
We analyze each simulated observation 100 times with different realizations of 
the noise and random initial guesses for the magnetic field and its filling factor. 
In all cases we analyze the simulated data assuming the same nonmagnetic stellar 
parameters used to generate the artifical data. Results are shown in Table 2.4. The 
first two columns of the table give the input magnetic field strength and filling factor 
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Table 2.4 Test results for fitting artificial data created assuming Tegf =4000 K, logg = 
3.5, [M/H] =0, andusini = 6.0km s_1. Artificial data is fit assuming the same atmospheric 
parameters as those used to create the data. 
Model 
B(G) 
1000 
1000 
1000 
2000 
2000 
2000 
3000 
3000 
3000 
4000 
4000 
4000 
/ 
0.25 
0.50 
0.75 
0.25 
0.50 
0.75 
0.25 
0.50 
0.75 
0.25 
0.50 
0.75 
good 
runs 
88 
98 
97 
100 
100 
100 
100 
100 
100 
98 
100 
99 
Aver, of Results 
B(G) 
911.14 
1001.6 
931.08 
1823.9 
1866.3 
2092.9 
3005.3 
3020.6 
2975.7 
4581.8 
4185.4 
4173.2 
/ 
0.23 
0.52 
0.80 
0.30 
0.52 
0.72 
0.23 
0.50 
0.75 
0.25 
0.51 
0.74 
Bf/BfeXp 
0.802 
1.032 
0.988 
1.079 
0.977 
1.005 
0.917 
1.017 
0.996 
1.089 
1.05.1 
1.005 
a 
0.0549 
0.0028 
0.0011 
0.0051 
0.0062 
0.0004 
0.0103 
0.0008 
0.0003 
0.1532 
0.0759 
0.0920 
used to generate the simulated obsevation. The third column gives the number of 
good runs out of 100 trials. A bad runs occurs when the program returns B values 
trapped in a local minimum between 10 - 20 kG due to noise in the data. Their 
Xr values are approximately twice those of the "good" fits, and plots of the fit show 
that they do not match the data. The fourth and fifth columns give average values 
of B and / for all good runs. The sixth and seventh columns give the ratio of B 
to its input value and the corresponding standard deviation of this ratio. Errors in 
measured B due to noise in the data are typically 5% or less, if Tes, log g, and [M/H] 
are accurate. 
Padgett (1996) found that in a sample of 30 TTSs the effective temperatures deter-
29 
mined from spectral classification differ from the value obtained from measurements 
of line ratios in high resolution spectra. The absolute value of the difference averages 
150 K with a scatter up to 600 K. Additionally, gravities for TTSs usually come from 
placing stars in the H-R diagram using uncertain distances and then comparing with 
uncertain pre-main sequence evolutionary tracks. Although we determine Teff and 
logg spectroscopically, our atmospheric parameters could still be subject to error. 
Thus, we use Monte Carlo tests to explore the effect of such errors on our derived 
magnetic parameters. Table 2.5 shows the results for a 200 K error in Teff, while Table 
2.6 shows the results for a 0.5 dex error in logg. The Monte Carlo tests show that in 
the absence of accurate effective temperatures or gravities, the resulting systematic 
errors in the derived mean field is about 10% for typical field values and reasonable 
errors in temperature or gravity. 
2.4 Discussion 
Using high resolution optical spectra, we determine the key atmospheric param-
eters for TW Hya which are listed in Table 2.2. These values are generally in good 
agreement with previously published estimates. The calibration between spectral 
type and Teg given by Cohen & Kuhi (1979) is often used in studies of TTSs. This 
calibration is essentially that of Johnson (1966), which is based on IR photometric 
studies of cool main sequence stars. For K7 spectral type, Teff = 4000 K with a 
quoted 2% uncertainty. Bessell (1991) also derives Teg = 4000 K for K7 stars by 
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Table 2.5 Test results for fitting artifical data created assuming Teg = 4000 K, log g = 
3.5, [M/H] = 0, and vsini — 6.0 km s_1. Artificial data is fit assuming Tefj = 4200 K, logg 
= 3.5, [M/H] = 0, and vsini = 6.0 km s_1. 
Model 
B{G) 
1000 
1000 
1000 
2000 
2000 
2000 
3000 
3000 
3000 
4000 
4000 
4000 
/ 
0.25 
0.50 
0.75 
0.25 
0.50 
0.75 
0.25 
0.50 
0.75 
0.25 
0.50 
0.75 
good 
runs 
98 
97 
100 
100 
99 
100 
100 
100 
100 
100 
99 
100 
Aver, of Results 
B{G) 
493.81 
747.11 
962.16 
1074.1 
1568.4 
1737.5 
23354 
2773.1 
2790.3 
3803.4 
3818.8 
3866.5 
/ 
0.97 
0.98 
0.96 
0.61 
0.75 
0.96 
0.32 
0.60 
0.92 
0.26 
0.56 
0.90 
Bf/Bfexp 
1.840 
1.461 
1.185 
1.303 
1.181 
1.112 
0.982 
1.111 
1.138 
0.986 
1.073 
1.157 
a 
0.1172 
0.0321 
0.1310 
0.0047 
0.0023 
0.0255 
0.0029 
0.0005 
0,0128 
0.0006 
0.0617 
0.0070 
comparing broadband fluxes with blackbody distributions. We obtain an effective 
temperature of 4126±24 K for TW Hya. from Johns-Krull et al. (1999b) and Johns-
Krull et al. (2004), BP Tau and Hubble 4 - both K7 stars - were found to have 
Teff =4055 ± 112 K and Teff = 4158 ± 56 K, respectively. A statistical study of 
previous results for Tes and spectral type for 268 stars by de Jager &; Nieuwenhuijzen 
(1987) yields Tea-= 4150 ± 200 K for K7 spectral type. 
Previous results for the projected rotation velocity include v sin i = 4 ± 3 km s_1 
from Torres et al. (2003), vsini < 6.0 km s_ 1 from Johns-Krull & Valenti (2001), and 
5±2 km s_ 1 from Alencar & Batalha (2002). All agree well with our value of 5.8±0.6 
km s - 1 . To our knowledge, there has been no previous determination of the metallicity 
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Table 2.6 Test results for fitting artifical data created assuming Teff = 4200 K, logg = 
3.5, [M/H] = 0, and vsini = 6.0 km s_1. Artificial data is fit assuming Teg = 4200 K, logg 
= 4.0, [M/H] = 0, and v sin i = 6.0 km s_1. 
Model 
B(G) 
1000 
1000 
1000 
2000 
2000 
2000 
3000 
3000 
3000 
4000 
4000 
4000 
/ 
0.25 
0.50 
0.75 
0.25 
0.50 
0.75 
0.25 
0.50 
0.75 
0.25 
0.50 
0.75 
good 
runs 
89 
86 
100 
100 
100 
100 
98 
100 
100 
99 
99 
100 
Aver, of Results 
B(G) 
7819.6 
1660.9 
1547.2 
3580.8 
2417.3 
2180.9 
4386.1 
3279.8 
3208.0 
4635.2 
4221.4 
4164.3 
/ 
0.05 
0.19 
0.31 
0.16 
0.38 
0.61 
0.23 
0.48 
0.67 
0.24 
0.47 
0.69 
Bf/BfeXp 
1.579 
0.629 
0.640 
1.011 
0.920 
0.888 
1.236 
1.030 
0.925 
1.113 
0.972 
0.930 
a 
0.2942 
0.0631 
0.0380 
0.1441 
0.0004 
0.0385 
0.5194 
0.1015 
0.0554 
0.2760 
0.1333 
0.1459 
of TW Hya. Our value of [M/H] = -0.11 ± 0.12 is well within the range of [Fe/H] 
values reported by Padgett (1996) in her study of several TTSs. For logg, Alencar &; 
Batalha (2002) obtain a value of 4.44 ±0.05 using the line synthesis models of Barbuy 
(1982) and Valenti & Piskunov (1996). Our value of logg = 4.84 ± 0.16 is somewhat 
high, and differs from this estimate by 2.4 a. The sensitivity to gravity in our analysis 
comes from the depth of the TiO bandhead (which is also quite temperature sensitive) 
as wellas from the two strong lines at 6493.8 A and 6495.0 A which show damping 
wings. We generally avoid more sensitive gravity diagnostics such as the Na I D lines 
since their profiles in CTTSs are usually contaminated by emission and/or absorption 
from circumstellar material. In the previous section, we show that this difference of 
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0.40 in logg is expected to produce no more than a 10% error in our mean magnetic 
field estimate, which we account for in our quoted uncertainties. 
TW Hya has a luminosity of log(L*/L0) = —0.62 ±0.11, where the uncertainty 
in luminosty is dominated by uncertainty in the Hipparcos parallax. Combining 
this luminosity with our spectroscopically determined Tefj yields a stellar radius of 
i?* = 0.96 ±0.12 R0 . This radius together with our spectroscopic gravity estimate 
yields a mass of M* = 2.31±0.69 M0 , where the uncertainty in our spectroscopic mass 
has roughly equal contrbutions from the uncertainties in log g and R*. Comparing the 
location of TW Hya on an HR Diagram with pre-main sequence evolutionary tracks 
of D'Antona & Mazzitelli (1994) and Palla k Stahler (1999) yields stellar masses of 
M* = 0.79 M 0 and 0.80 M0 respectively. Our spectroscopic mass is substantially 
larger than that estimated from evolutionary tracks and reflects our high value of 
logg. Given the large uncertainty in our spectroscopic ftiass, the discrepancy is only 
2.2a. If we instead use the logg reported by Alencar & Batalha (2002), we find 
M„ = 0.93 ± 0.10, in better agreement with evolutionary tracks. 
Johns-Krull et al. (1999b) and Johns-Krull et al. (2004) determined spectroscopic 
and evolutionary track masses for BP Tau and Hubble 4. While the difference in any 
individual case is not statistically significant, it is interesting that in all three analyses 
to date, the spectroscopic masses are larger than masses based on evolutionary tracks. 
For stars with mass less than or equal to 1.2M0, Hillenbrand & White (2004) found a 
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similar trend in their study of stars with dynamically determined masses. The same 
result is also found by Reiners et al. (2005) in their analysis of a pre-main sequence 
double lined spectroscopic binary in Upper Scorpious. Therefore, it is likely that 
current pre-main sequence evolutionary tracks do indeed systematically underestimate 
the mass of young stars. For main-sequence stars, Valenti & Fischer (2005) find 
an analogous discrepancy between spectroscopic and isochrone masses, though the 
magnitude of the discrepancy is typically only 0.1 dex. 
Qn the other hand, the mass we derive based on our gravity estimate is quite 
high relative to these evolutionary tracks. In order to explore the effect of this on our 
analysis, we use R* determined above and M* from evolutionary tracks to calculate 
\ogg= 4.38. With this logg, we reanalyze our optical spectra and obtain another 
set of atmospheric parameters: Tes = 4110 K, [M/H] = —0.23, vsini = 6.2 km s_1, 
and r = 0.61. This fit returns a slightly larger xl a n d is shown as the dash-dotted 
line in Figure 2.1. In addition, we fit the single magnetic component model with 
these atmospheric parameters and find B = 2.07 kG. This fit returns Xr — 1^8 
and should be compared with our best fit single field component model with our 
previously determined atmospheric parameters which yields B = 2.21 kG and xl = 
1.70. The new atmospheric parameters produce a ~ 6% difference in the resulting 
mean field, confirming the results found above which showed that reasonable errors 
in the assumed gravity produce ~ 10% or less error in the derived magnetic field 
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properties. 
Johns-Krull et.al. (1999b) examine the magnetospheric accretion models of Konigl 
(1991), Collier Cameron k Campbell (1993), and Shu et al. (1994) and summarize 
analytic equations for the predicted surface magnetic field strength of each model 
as a function of stellar mass, radius, rotation rate, and disk accretion rate. Using 
equations (2) - (4) of Johns-Krull et al. (1999b), and adopting an accretion rate of 
M = i x 1O-9M0 yr_ 1 from Herczeg et al. (2004), a rotation period P = 2.2 days 
from Mekkaden (1998), along with the stellar radius (0.96 R0) and mass (2.31 M0) 
estimated above, we estimate 5». The Konigl (1991) model gives 5* = 2.78 kG, while 
the Collier Cameron & Campbell (1993) model gives 5* = 0.60 kG, and the model 
of Shu et al. (1994) predicts B* = 2.74 kG. Our measured B = 2.71 ± 0.28 kG is very 
close to the predictions Konigl (1991) and Shu et al. (1994), while it is larger than 
the prediction of Collier Cameron & Campbell (1993). However, we caution that our 
measurement is just the unsigned field strength; we are unable to comment on the 
magnetic field geometry, which theories currently assume is dipolar. 
Combining our measured average field strength with our calculated stellar radius, 
we can estimate the total stellar magnetic flux on the star. Pevtsov et al. (2003) find a 
nearly linear relationship between total unsigned magnetic flux and X-ray luminosity, 
Lx, for solar features (ranging from the smallest scales up to the entire Sun) and 
dwarf stars. Using this relationship, we predict Lx = 1.41 ±0.14 x 1030 erg s - 1 . This 
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value agrees well with the observed values of 0.90 — 1.76 x 1030 erg s_1 from Kastner 
et al. (2002) assuming a distance of 56 pc. ' 
We can also use our magnetic field measurements to test the concept of pressure 
equipartition in the stellar photosphere. Spruit &; Zweibel (1979) computed flux tube 
equilibrium models, showing that magnetic field strength is expected to scale with 
gas pressure in the surrounding non-magnetic photosphere. Field strengths set by 
pressure equipartition appear to be observed in G and K dwarfs (e.g, Saar, 1990, 
1994, 1996) and possibly in M dwarfs (e.g, Johns-Krull & Valenti, 1996). Most TTSs 
have relatively low surface gravities and hence low photospheric gas pressures, so that 
equipartition flux tubes would have relatively low magnetic field strengths compared 
to cool dwarfs. Indeed, Safier (1999) examined in some detail the ability of TTS 
photospheres to confine magnetic flux tubes via pressure balance with the surrounding 
quiet photosphere, concluding that the maximum field strength allowable on TTSs 
is substantially below the current detections. On the other hand, it is doubtful that 
pressure equipartition arguments should hold when the magnetic field filling factor 
approaches unity on the stellar surface. Saar (1996) finds that the magnetic field 
strength does rise above the pressure equipartition value for very active K and M 
dwarfs once the filling factor reaches a value near one. Johns-Krull et al. (1999b) and 
Johns-Krull et al. (2004) found that the mean fields on BP Tau and Hubble 4 are too 
large to be confined by gas pressure in the surrounding photosphere, suggesting that 
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magnetic fields cover the entire surface. 
TW Hya is an interesting case because its older age and corresponding higher 
surface gravity imply higher equipartition magnetic field strengths. Using the atmo-
spheric parameters from Table 2.2, we find that the photospheric gas pressure in the 
atmosphere at the level where the local temperature is equal to the effective tem-
perature implies a maximum field strength of 2.78 kG. Adopting the lower gravity 
of logg = 4.38 and the associated temperature and metallicity described above gives 
a field strength of 2.14 kG at this same level in the stellar atmosphere. The first 
estimate is very similar to the derived mean field while the second is only somewhat 
lower. The two field component model and the multi-component models Ml - 3 all 
indicate that substantial portions of the stellar surface is covered by fields larger than 
these equipartition estimates; however, it is not certain that these observations de-
mand unit filling factor of field regions in the case of TW Hya. In the analysis above, 
it was assumed that the atmospheric structure of the magnetic regions is identical 
to that in the non-magnetic regions (the magnetic regions are neither hot plage-like 
regions nor cool spot-like regions). In the Sun, the field strength in cool spots is a 
factor of ~ 2 larger than the typical value found outside of spots. As discussed in 
Johns-Krull et al. (2004) (Guenther et al., 1999, see also), cool spot-like regions (and 
to a lesser extent hot plage-like regions) can affect the derived filling factor of these 
fields, but have a realtively weak effect on the derived field strength when actual 
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Zeeman broadening is detected. The strong field regions on TW Hya are only about 
a factor of 2 stronger than the pressure equipartition field value, and the majority 
of the field found on TW Hya is near this equipartition value. Therefore, on TW 
Hya, the strong fields may be confined to cool spots while the weaker fields exist in 
plage-like regions on the surface of the star, and there is no need to assume unit filling 
factor of magnetic field regions. 
Since TTSs generally are heavily spotted stars (e.g., Herbst et al., 1994; Strass-
meier et al., 1994, and references therein), there may be a need to model the observed 
spectra with 2 atmospheric components, each with a different effective temperature. 
In sunspots (and presumably starspots), magnetic pressure partially evacuates the 
spot, changing its density structure relative to the surrounding atmosphere. Unfor-
tunately, there are no models for the atmospheric structure of spots on stars other 
than the Sun, and constructing such models is well beyond the scope of this paper. 
One could imagine trying to use model atmospheres simply scaled down in effective 
temperature (keeping the gravity and metallicity fixed) to begin to explore magnetic 
fields in spots and the resulting effect they might have on magnetic field analysis 
on TTSs. Johns-Krull et al. (2004) did just this for Hubble 4, finding that models 
with spots which were constrained to be 1000 K cooler than the non-spotted atmo-
sphere had more difficulty simultaneously matching the optical and IR spectra than 
did models without a spot contribution. The analysis of Hubble 4 also showed that 
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the derived mean field from the spot model was within 18% of the derived mean 
field from the single component fit, with the change entirely due to the derived filling 
factor. While spots contribute relatively more to the continuum in the IR than in 
the optical, the strong temperature sensitivity of the TiO bandhead at 7055 A results 
in significant contributions to this feature from spots and is a key constraint for any 
model. Building on these results, we restricted the modeling in this paper to a single 
effective temperature model. We note though that our predicted CO line strengths 
are fairly close to the observed line strengths, and that lowering the effective tem-
perature by 300 K actually produces a slightly higher xf f° r the CO line profiles. 
Evidently, the K band spectrum on TW Hya is not dominated by a substantially 
cooler (spot) component on the star. 
Realistic models of spot atmospheres are needed to make further progress on test-
ing just how much cool spots may contribute to the magnetic fields we have detected 
on TW Hya and other TTSs. In Johns-Krull et al. (2004) a spot model was used, but 
it was simply the atmosphere of a cooler star, with the same gravity and metallicity 
as that found for Hubble 4. On the Sun, magnetic pressure support partially evacu-
ates the gas in a spot, changing its density compared to the quiet atmosphere. Such 
effects need to be considered for TTS (and other cool stars such as dMe stars).
 ;In 
addition, since it appears that strong magnetic fields on TTSs are also present in a 
substantial portion of the non-spotted photosphere, atmospheric models taking into 
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account the magnetic pressure support should also be considered for this component 
of the atmosphere. Such a modeling effort is well beyond the scope of the current 
paper, but these results should be regarded as an appeal to theoreticians to begin to 
consider such problems, particularly since the data presented here clearly indicates 
the presence of strong magnetic fields oh a large portion of TW Hya. Such strong 
fields have also been inferred for a handful of other TTSs (Basri et al., 1992; Guen-
ther et al., 1999; Johns-Krull et al., 1999b, 2004), and these strong fields are likely 
to be a common feature of TTSs given their strong X-ray emission (e.g. Feigelson 
et al., 2003). Incorporating the effects of the magnetic field on the atmospheric struc-
ture will likely have important consequences beyond simply determing more accurate 
magnetic field parameters on TTSs. Perhaps it is the influence of these fields on the 
atmospheric structure that is responsible for the inconsistent mass determinations for 
TTSs described above? Future work is needed to know for sure. 
2.5 Summary 
We analyzed high resolution optical spectra of the classical T Tauri star TW Hya. 
We successfully fitted numerous atomic and molecular line features in 3 wavelength 
regions, which are modeled well in both the solar spectrum and the spectrum of 61 
Cyg B, a K7V reference star. In the process we determined the key atmospheric 
parameters (Teg, log g, [M/H], v sin z, and veiling) of the star. 
With these atmospheric parameters, we simultaneously fit 4 magnetically sensitive 
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Ti I lines at 2.2 /Ltm to look for Zeeman broadening. We also fit several magnetically 
insensitive CO lines at 2.3 fxia. to verify that the parameters determined from optical 
analysis accurately reproduce the IR spectrum of TW Hya. The CO model spectrum 
agrees well with the data, and the fit to Ti I lines using various magnetic models 
yields a surface magnetic field strength of B = 2.71 ±0.28 kG, averaged over the 
entire surface of TW Hya. 
We tested the sensitivity and stablity of our analysis to systematic errors in the 
effective temperature and gravity, finding that errors of 200 K in Teff or 0-5 dex in log g 
only result in a systematic error of ~ 10% in the derived mean magnetic field. Our 
measured field strength on TW Hya agrees well with the field strength expected from 
magnetospheric accretion models. However, we caution that these models assume a 
dipolar field geometry, and the data presented here do not constrain the field geometry 
on TW Hya. Circular polarization measurements, on the other hand, would provide 
strong constraints on the dipole field geometry of TW Hya. 
Chapter 3 
The Magnetic Fields on the Stars in T W Hydrae 
Association 
3.1 Foreword 
Johns-Krull (2007) studied the magnetic properties of the Taurus-Auriga region 
by examining the magnetic field strength on a sample of 15 classical T Tauri stars. 
He found no good correlations between the measured magnetic field values and the 
predictions of the current magnetospheric accretion models. Additionally, in an effort 
to reveal the origin of the observed strong magnetic fields, he looked for correlations 
between the measured magnetic field strengths and stellar parameters that might 
be important for dynamo action. No significant correlations were found and Johns-
Krull (2007) speculated that the fields seen in these young stars may be entrained 
interstellar fields left over from the star formation process (e.g., Tayler, 1987; Moss, 
2003). If this is true, as the young stars evolve, one would expect that the magnetic 
properties of stars in different age groups might possess distinctive characteristics. 
Till now, no such systematic studies have been performed and that is the aim of this 
chapter, which is to investigate the magnetic properties of stars in a much older age 
group than the Taurus-Auriga region. 
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3.2 The T W Hydrae Association 
At ~ 50 pc (Wichmann et al., 1998), the TW Hydrae Association (TWA) is the 
nearest region of recent star formation. Kastner et al. (1997) first concluded that a 
few T Tauri stars in the apparent neighborhood of TW Hya are indeed physically 
close to each other, based on similar X-ray emission and lithium abundance, and 
proposed the existence of the TW Hydrae Association. Over 20 stars have been 
proposed as members of TWA (though only a few of all proposed TWA members 
have trigonometric parallax confirmation), and a compilation of TWA members can 
be found in Zuckerman et al. (2004). The age for TWA is estimated at about 10 
Myrs (see discussion in Barrado Y Navascues, 2006), and it is intriguing that these 
pre-main-sequence stars are not associated with any molecular cloud. The origin of 
the TWA is still under investigation (e.g., see Makarov, 2007). 
As discussed in Chapter 2, the magnetic field properties of TW Hya (TWA 1) 
have been investisgated by Yang et al. (2005). Here, to supply more observational 
constraints and explore the collective magnetic qualities of TWA, we utilize high 
resolution infrared spectroscopy to measure Zeeman broadening in 4 Ti I lines in the 
K band and study the magnetic fields of 5 additional members of TWA: TWA 5A, 
TWA 7, TWA 8A, TWA 9A and TWA 9B. 
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3.3 Observations and Data Reduction 
K-band IR spectra of the 5 TWA stars were obtained at the NASA Infrared 
Telescope Facility (IRTF) in January 2000. Observations were conducted with the 
CSHELL spectrometer (Tokunaga et al., 1990; Greene et al., 1993) using a 0*15 slit 
to achieve a spectral resolving power of R' = A/AA ~ 24,000, corresponding to a 
FWHM of ~ 4.5 pixels on the 256 x 256 InSb array detector. With the slit used 
here, CSHELL normally operates at R > 40,000. Soon after our observing run, 
CSHELL was serviced to restore its spectral resolution. A continuously variable 
filter (CVF) isolated individual orders of the echelle grating, and a ~ 0.0057 ^m 
portion of the spectrum was recorded in each of 3 wavelength settings. The first 
two settings (2.2218 and 2.2291 /mi) each contain 2 magnetically sensitive T i l lines. 
The third setting (2.3125 /xm) contains 9 strong, magnetically insensitive CO lines. 
Each star was observed at two positions along the slit separated by 10". Custom 
IDL software described in Johns-Krull et al. (1999b) was used to reduce the K-band 
spectra. The reduction includes removal of the detector bias, dark current, and night 
sky emission. Flat-fielding, cosmic ray removal, and optimal extraction of the stellar 
spectrum are also included. Wavelength calibration for each setting is based on a 3rd 
order polynomial fitted to nX for several lamp emission lines observed by changing 
the CVF while keeping the grating position fixed. Dividing by the order number, n, 
for each setting yields the actual wavelength scale for the setting in question. In each 
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Table 3.1 Journal of Observations 
Object 
TWA 5A 
TWA 7 
TWA 8 A 
TWA 9A 
TWA 9B 
Wavelength Setting 
2.2228/mi 
2.2300 ,um 
2.3129/xm 
2.2228 fim 
2.2300 jum 
2.3129/ini 
2.2228/xm 
2-2300 fun 
2.3129 Jim 
2.2228/im 
2.2300 nm 
2.3129 urn 
2.2228 A*m 
2.2300 ^ni 
2.3129/ira 
UT date 
2000 Jan 08 
2000 Jan 09 
2000 Jan 07 
2000 Jan 08 
2000 Jan 09 
2000 Jan 07 
2000 Jan 08 
2000 Jan 09 
2000 Jan 11 
2000 Jan 11 
2000 Jan 12 
2000 Jan 11 
2000 Jan 11 
2000 Jan 12 
2000 Jan 11 
UT time 
14:08 
14:51 
15:03 
13:22 
13:04 
14:00 
15:01 
13:50 
11:43 
11:43 
13:26 
13:24 
11:43 
13:26 
13:24 
Total Exposure Time(s) 
2400 
2400 
2400 
2400 
2400 
3000 
2400 
2400 
3600 
3600 
3600 
4800 
3600 
3600 
4800 
wavelength setting, we also observed a rapidly rotating early star to serve as a telluric 
standard. All spectra shown here have been corrected for telluric absorption. The IR 
observations are summarized in Table 3.1. 
3.4 Analysis and Results 
The analysis technique we employ here follows that in Johns-Krull et al (1999b), 
Johns-Krull et al. (2004) and Chapter 2 where additional details can be found. We 
model the profiles of four Ti I absorption lines in the K band and measure the 
mean magnetic field (averaged over the entire stellar surface) for the five TWA stars. 
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Diagnostics in the IR are generally more sensitive to Zeeman broadening than lines in 
the optical thanks to the A2 dependence of magnetic splitting (see eq.[l]) compared 
With the A1 dependence of Doppler broadening mechanisms. Using estimates of the 
key stellar parameters of our objects, namely, Teff, logg, [M/H] and vsini, we first 
construct model atmospheres and synthesize the Ti I line profiles without the presence 
of magnetic fields. The observed magnetically insensitive CO lines are also synthesized 
to show that instrumental and rotational broadening are properly taken into account 
and the non-magnetic spectrum is accurately predicted. There are no free parameters 
involved in computing the non-magnetic line profiles. The excess broadening seen in 
the Ti I lines relative to the non-magnetic model is interpreted as Zeeman broadening. 
Fitting the magnetically broadened Ti I line profiles then yields the average magnetic 
field strength on the stellar surface. 
Chapter 2 presented extensive tests of this analysis technique to quantify possible 
systematic errors resulting from inaccurate stellar parameters. The Monte Carlo 
analysis showed that a 200 K error in Teq or 0.5 dex error in log g introduces only 
about 10% or less systematic error in the derived mean field measurements. This is 
because we are modeling actual Zeeman broadening instead of some other effect such 
as a change in equivalent width which is particularly sensitive to errors in Tefj and 
log g. Thus, instead of performing a detailed spectral analysis to determine the stellar 
parameters as in our previous studies (e.g., Johns-Krull et al. (1999b), Johns-Krull 
Table 3.2 Magnetic Field Measurements 
Object 
TWA 5AC 
TWA 7 
TWA 8A 
TWA9A 
TWA9B 
TWHya* 
Spectral Type 
M1.5 
M3 
M2 
K7 
Ml 
K7 
M, 
<JWG> 
0.92 
0.60 
0.89 
0.30 
2.31 
R. 
(Re) 
1.89 
1.29 
0.88 
0.91 
0.96 
(K) 
3700 
3300 
3400 
4000 
3400 
4126 
log J 
3.70 
3.85 
4.00 
4.50 
4.00 
4.84. 
usint 
(km a"1) 
38.0 
9.0 
4.0 
9.0 
10.0 
- 5.8 
Pro." 
(days) 
5.05 
4.65 
5.10 
3.98 
2.80 
Lx>> 
(10™ ergs a"1] 
0.875 
0,816 
0.679 
1.400 
1 Model 1 Fit [xl) 
4.2 (6.59) 
1.6 (1.94) 
2.3 (1.37) 
2.4 (2.44) 
2.8 (1.14) 
2.2, 
ft*. (kG) 
Model 2 Fit (x?) 
4.2 (6.49) 
2:0 (173) 
2.7 (1.20) 
2.9 (2.03) 
3.3 (1.06) 
2.7 
Model 3 Fit (xj!) 
4.9 (6.18) 
2.3 (1.88) 
3.3 (1.25) 
. 3.5 (1.74) 
3.1 (1.18) 
2.7 
ft, (kG) 
1.2 
1.3 
1.4 
2.1 
1.4 
2.1 
aTaken from Lawson & Crause (2005). 
"Observed X-ray luminosities are derived from Webb et al. 
(1999). 
cBinary or possible triple system. See discussion in Sec. 3.1. 
dFrom Yang e ta l . (2005). 
et al. (2004) and Chapter 2), we adopt the most accurate values available in the 
literature for our targets. Values for these non-magnetic stellar parameters are given 
in Table 3,2 and justified in subsequent subsections for each star. 
The CO lines near 2.3 fj,m serve as an excellent verification of our chosen stellar 
parameters. For each of our targets, we interpolate a grid of the "next generation" 
(NextGen) atmospheres of Allard & Hauschildt (1995) to the specific values of Teff, 
log g and [M/H] and construct a model atmosphere appropriate for the star. We then 
synthesize the CO line profiles and convolve them with a Gaussian corresponding to 
the resolution of the observed spectrum. The CO line data are taken from Goorvitch 
(1994) for the CO X E + lines. No stellar parameter fitting is involved with the 
synthesis of the CO lines. Continuum normalization is the only free parameter used 
to match the observed and synthetic spectra. The shape, especially the widths, of the 
synthetic line profiles is solely determined by the stellar parameters. A good match 
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between the widths of the synthetic CO lines and that of the observations, as seen in 
the bottom panels of Figures 3-1 and 3.3 — 3.6, shows that the dominant non-magnetic 
broadening mechanisms are properly taken into account. 
A polarized radiative transfer code (Piskunov, 1999) is utilized to compute the 
line profiles for both the CO and Ti I lines, assuming a radial magnetic field geometry 
in the photosphere. To construct our models, we treat the stellar surface as if it is 
divided into a number of regions, where one region is field-free and the other regions 
are each covered by a single magnetic field strength. The fractional size of each 
region is specified by a filling factor and the total of the filling factors,must be unity. 
These regions are assumed to be spatially well mixed over the surface of the star. We 
compute the spectrum for each region, and the spectra of all regions are multiplied by 
their corresponding filling factors and summed up to form the final model spectrum 
for a specific set of field strengths and filling factors. We use the nonlinear least-
squares technique of Marquardt (Bevington & Robinson, 1992) to solve for the best-fit 
combination of field strengths and filling factors as described below. 
For each target, we fit three different models. The first model (hereafter, model 
1) allows a single magnetic field strength (B) to cover a fraction of the stellar surface 
(/), and the rest of the surface is field-free. The mean stellar magnetic field, B, is just 
Bf. The free parameters of this model are B and / . The second model (hereafter, 
model 2) divides the surface of the star into three regions: two regions covered with 
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magnetic fields of different strengths (Bi, B2) and filling factors (/i, / 2 ) , and one 
region with no magnetic field. The mean magnetic field on the stellar surface for M2 
is B = B\fi + B2f2. The free parameters of this model are Bi, / i , B2 and f2. The 
third model (hereafter, model 3) allows three magnetic regions on the stellar surface 
to have specific field strengths of 2 kG, 4 kG and 6 kG, respectively. The rest of the 
surface is field-free. Only the filling factors are solved for in this model. The mean 
' ' • _ • • 3 
field is then 5 = ^ Bj/j. 
•
 i = 1 
As discussed in Johns-Krull et al. (1999b), Johns-Krull et al. (2004) and Chapter 
2, the model 1 model provides a much better fit to the observations than models with 
no magnetic broadening, but the model 1 profile is not as smooth and broad as the 
observed line profile, and is incapable of supplying good fits for the cores and the 
wings of the lines simultaneously. The magnetic structure on the surface of TTSs is 
unlikely to be so simple, and this is the motivation to add more magnetic components 
in model 2 and 3, which provides improved smoother fits to the observed line profiles. 
Due to lower spectral resolution (~ 24,000) than that in Johns-Krull et al. (1999b), 
Johns-Krull et al. (2004) and Chapter 2 (~ 36,000), the need for more magnetic 
components is less urgent. For example, likely due to the lower spectral resolution 
achieved here, the data do not clearly require a model with three magnetic components 
as in model 3; however, we fit such a model to be consistent with previous work in 
order to avoid any systematic differences when comparing the field measurements of 
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TWA stars with previous results. Below, we discuss the results for each of our targets 
in detail. 
3.4.1 T W A 5 A 
TWA 5 is among the five original TWA members reported by Kastner et al. (1997). 
Webb et al. (1999) discovered a M8.5 brown dwarf companion, TWA 5B, ~ 2" away 
from the much brighter TWA 5A (Ml.5). Macintosh et al. (2001), using adaptive 
optics (AO) imaging, found that TWA 5A itself is also a close binary system with a 
separation of ~ 0''06 at that time. Konopacky et al. (2007) monitored the TWA 5Aab 
system for five years. Their speckle and adaptive optics (AO) observations yield an 
orbital solution with a semi-major axis of 0''066 ± 0^005 and a period of 5.94 ± 0.09 
yrs. These authors also find a K band flux ratio of ~ 1.25, so we are most likely 
seeing substantial light from both stars in our spectra. 
It is also suspected that there is possibly another spectroscopic component in the 
TWA 5Aab pair, causing large radial velocity variations (Torres et al., 2003). We do 
notice peculiarities in our spectra of TWA 5Aab system, which is shown in Figure 3.1. 
The three wavelength settings shown here were observed on 3 consecutive nights. The 
two Ti I line profiles in the 2.2300 fim setting are very asymmetric, and some of the 
CO lines show large wavelength shifts or asymmetries as well. With a period of about 
6 years, the line profiles of the binary system obtained on consecutive nights should 
not vary so dramatically. This drastic change may be caused by a third component 
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in the TWA 5Aab system in a close orbit with one of the two known members. 
We do not notice obvious asymmetry in the two Ti I line profiles in the 2.2228 /im 
setting, so these two lines are used for magnetic field measurement. Following Wein-
traub et al. (2000), we adopt an effective temperature of 3700 K and derive a logg 
of 3.7 from their absolute magnitude and stellar mass estimates, which assume a 
distance of 55 ± 9 pc (Webb et al., 1999). A vsini of 38 km s _ i is adopted from 
Torres et al. (2003). The measured mean magnetic field values of TWA 5A along 
with that of the other four TWA stars, using the three different models, are listed in 
Table 3,2. The reduced x2 values for TWA 5A given in Table 3.2 are calculated with 
all four Ti I lines included so that it is consistent with other stars. Note that only 
the two lines in the 2.2228 -/am region are fitted and the reduced x2 values calculated 
with these two lines only are 1.06, 1.10 and 1.28 for models 1-3, repectively. The 
observed and the best fit model spectra of TWA 5A are shown in Figure 3.1. Given 
the uncertainties associated with the number of stars in this system, we report our 
field estimate here (which is likely some sort of average of all the stars present) but 
do not use measurements of this system in any subsequent analysis. 
3.4.2 . TWA 7 •' 
TWA 7 was discovered as a TWA member by Webb et al. (1999). Neuhauser 
et al. (2000) detected a possible extra-solar planet candidate about 2*'5 away from 
TWA 7 using ground-based direct imaging, but they concluded that this object is 
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Figure 3.1 Best fit of infrared spectra of TWA 5Aab system using the two-magnetic-
component model 2. Top two panels: magnetically sensitive Ti I lines; Bottom panel: 
magnetically insensitive CO lines. (Histogram: data; dash-dotted line: fit without magnetic 
field; smooth line: fit with magnetic broadening.) 
more likely an unrelated background source. This interpretation was later confirmed 
by the coronagraphic observations of Lowrance et al. (2005). 
Webb et al. (1999) determined a spectral type of Ml for TWA 7 by comparing 
their low resolution optical spectra with spectral standards from Montes & Martin 
(1998). In our high resolution IR data, we notice that some molecular lines of TWA 7 
in the K band are more prominent than that indicated by a Ml spectral type. Shown 
in Figure 3.2, we compare the spectrum of TWA 7 in the 2.2228 fxm setting with 
that of several stars of different spectral types. From this TWA 7 appears to be of 
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later spectral type than Ml, probably closer to M3. Though we do not synthsize 
molecular lines in this wavelength setting, the Ti I lines are not seriously blended 
with these features. The molecular lines, possibly CN, do not substantially affect our 
magnetic field measurement. In our analysis we adopt a Tes of 3300 K for TWA 7, 
appropriate for an M3 star, and a log g — 3.85 is derived by adopting the bolometric 
luminosity and stellar mass estimates of Neuhauser et al. (2000). The conversion 
of spectral type to effective temperature in this paper is based on Johnson (1966). 
Interestingly, Johnson (1966) spectral type to Teg conversions closely parallel those 
derived for young stars by Luhman et al. (2003), from G through mid-M spectral 
types. We use a vsmi = 9.0 km s_1, which is slightly larger than previous measured 
value of 6.1 ±0.5 km s_ 1 from Neuhauser et al. (2000). Our choices of vsini are based 
initially on literature values and in some cases they are adjusted by a small amount to 
better match the width of the observed nonmagnetic CO lines. As mentioned above, 
our analysis technique suffers ~ 10% or less systematic error for a 200 K error in Teg 
or 0.5 dex error in logg, so the measured field values of TWA 7 are not subject to 
much change, whether its spectral type is Ml or M3. The best fit for TWA 7 is shown 
in Figure 3.3. 
3.4.3 TWA 8A 
TWA 8A was also identified by Webb et al. (1999) as an association member, 
and is classified as a M2 star. Its fainter companion TWA 8B is about 13" to the 
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Figure 3.2 Spectra of TWA 7 along with several spectral type standards in the 
2.2228 /im setting. The spectra are all vertically offset for better display. Note that both 
AD Leo and GJ 729 are known to have strong magnetic fields (Johns-Krull k, Valenti, 
2000). See also earlier measurements for AD Leo by Saar &i Linsky (1985), and GJ 729 by 
Johns-Krull & Valenti (1996). 
54 
CO 
c 
•g i.ooh 
— 0.95 
0) 0.90 
.> 0.85 
W °-8°|-
| 0.75 L 
2.2200 2.2210 2.2220 2.2230 2.2240 2.2250 
2.2270 2.2280 2.2290 2.2300 2.2310 2.2320 
1.00 
0.95 
0.90 
0 .85 -
0 .80 -
0.75 -0.70L 
2.3100 2.3110 2.3120 2.3130 2.3140 2.3150 
Wavelength(|im) 
Figure 3.3 Best fit of infrared spectra of TWA 7 using the two-magnetic-component 
model 2. Top two panels: magnetically sensitive Ti I lines; Bottom panel: magnetically 
insensitive CO lines. (Histogram: data; dash-dotted line: fit without magnetic field; smooth 
line: fit with magnetic broadening.) 
south of the primary. The membership of the companion in TWA is based primarily 
on its similar lithium abundance and radial velocity compared to other members of 
the association. Trigonometric parallax and proper motion measurements are needed 
for further confirmation. White & Hillenbrand (2004) derive a spectral type of M3 
(±0.5) for TWA 8A, by matching line and molecular band ratios to those of .dwarf 
spectral standards which are rotationally broadened. These authors also determined 
an upper limit of 5.5 km s_ 1 for the v sinz of TWA 8A. For our analysis, we use a Teff 
of 3400 K, log g of 4.0, and v sini of 4.0 km s - 1 . The best fit for the Ti I lines as well 
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as the predicted CO spectrum of TWA 8A are shown compared with the observed 
spectra in Figure 3.4. 
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Figure 3.4 Best fit of infrared spectra of TWA 8A using the two-magnetic-component 
model 2. Top two panels: magnetically sensitive Ti I lines; Bottom panel: magnetically 
insensitive CO lines. (Histogram: data; dash-dotted line: fit without magnetic field; smooth 
line: fit with magnetic broadening.) 
3.4.4 TWA 9A & 9B 
TWA 9 (CD -36°7429) was found by Jensen et al. (1998) to be in the physical 
vicinity of TW Hya. It is a binary system with a separation of 6". The Hipparcos 
satellite (ESA, 1997) measured a distance of 50.3 ± 6.0 pc for TWA 9 system. In the 
literature, TWA 9A is classified either as K5 (Webb et al., 1999) or K7 (±.1) (White 
& Hillenbrand, 2004). Previously reported vsmi values are 7 ± 3 km s_1 (Reid, 2003) 
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and 11 ± 1 km s"1 (White & Hillenbrand, 2004) for TWA 9A. We adopt Teff = 4000 
K and logg = 4.5, and use vsini = 9 km s_1. 
For TWA 9B, reported spectral types include Ml (Webb et al., 1999) and M3.5 
(± 0.5) (White & Hillenbrand, 2004), and v sin i values of 4 ± 3 km s_1 (Reid, 2003) 
as well as 9 ± 1 km s_1 (White & Hillenbrand, 2004) have been published! We use %g 
'= 3400 K, log# = 4.0, and vsinf = 10 km s"1. Due to the very poor signal-to-noise 
ratio we obtain oh this star, the spectrum in the 2.2300 /j,m setting is excluded from 
our analysis. The best fit spectra along with observed spectra of TWA 9A and TWA 
9B are shown in Figure 3.5 and 3.6, respectively. 
3.5 Discussion 
By fitting the Zeeman broadening in the magnetically sensitive Ti I lines, we 
measure the average surface magnetic field of five TWA stars. Three different models 
were used to fit the line profiles and measure the magnetic field strength with generally 
good agreement in the results between the three, Model 1 assumes only 1 magnetic 
component to the stellar atmosphere. This model provides a good match to TWA 5A 
in the 2.2228 pm region (but not the 2.2300 //m region). This is likely due to the fact 
that TWA 5A apparently has a relatively large vsini so that rotational broadening, in 
addition to the magnetic broadening, strongly affects the line profile shapes. Because 
our magnetic models for TWA 5A do not reproduce line profiles in the 2.2300 /im 
region, our derived magnetic properties for TWA 5A may have large systematic errors. 
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Figure 3.5 Best fit of infrared spectra of TWA 9A using the two-magnetic-component 
model 2. Top two panels: magnetically sensitive Ti I lines; Bottom panel: magnetically 
insensitive CO lines. (Histogram: data; dash-dotted line: fit without magnetic field; smooth 
line: fit with magnetic broadening.) 
Generally, mean field strength increases as more components are added to the model, 
which suggests that the observed profiles have wings that are too broad to be fit by 
a single component. For the other stars, the lowest reduced x2 typically occurs for 
model 2, though model 3 is favored in one case. However, there is generally quite 
good agreement bewteen the mean field values recovered using these two models with 
the difference bewteen them averaging 15%. For consistency with previous studies, 
we use the results from model 3 when comparing to results found by Johns-Krull 
(2007). 
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Figure 3.6 Best fit of infrared spectra of TWA 9B using the two-magnetic-component 
model 2. Top panel: magnetically sensitive Ti I lines; Bottom panel: magnetically insensi-
tive CO lines. (Histogram: data; dash-dotted line: fit without magnetic field; smooth line: 
fit with magnetic broadening.) 
Theoretically, equipartition arguments for the Sun and cool stars suggest that the 
magnetic field strength should scale with the gas pressure in the surrounding non-
magnetic photosphere which sets a limit for the maximum field strength allowed on 
the star (e.g. Spruit & Zweibel, 1979; Safier, 1999). Rajaguru et al. (2002) found 
that in the regime where convectively stable flux tubes exist, equipartition pressure 
allows a maximum magnetic field strength of ~ 1300 G for values of Teg and log g 
appropriate for most of our TWA stars. We calculate equipartition field strengths 
for the TWA stars by balancing magnetic pressure, B^q/(8n), with the gas pressure 
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in surrounding unmagnetized photosphere, Pg. We use the gas pressure at the level 
in the atmosphere where the local temperature is equal to the effective temperature 
in the model atmospheres used for our stars. This should be an upper limit for gas 
pressure because this level is approximately where the continuum forms, while the 
Ti I lines form over a wide range of depths above this level in the atmosphere. The 
equipartition field strengths, Beq .== (8nPg) ' , of the TWA stars are listed in the last 
column of Table 3.2. These values are in good agreement with the estimate from 
Rajaguru et al. (2002). Compared with the measured mean field values, they are all 
smaller by a factor of at least 1.38 and more typically ~ 2.0 (for model 2), suggesting 
that magnetic pressure dominates over gas pressure in the photospheres of the TWA 
stars observed here. This in turn implies complete coverage of magnetic fields over 
surface of these stars. Magnetic regions with excess pressure would expand, while field 
free regions contract into the lower pressure nonmagnetic regions until equipartition 
is established at a lower field strength or until the entire star is covered with magnetic 
fields. As discussed in Johns-Krull et al. (1999b) and Johns-Krull et al. (2004), our 
models do not necessarily require field-free regions. The results are essentially the 
same with or without a 0 kG field component. As an example, we fit the observed 
spectra of TWA 8A with a model which allows on the stellar surface no field-free 
region and four magnetic regions with specific field strengths of 1 kG, 3 kG, 5 kG and 
7 kG. The measured magnetic field value using this model is 3.4 kG with a reduced 
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X2 of 1.22, while model 3 yields 3.3 kG with a reduced x2 of 1.25 (see Table 3.2). 
With a field-free region included in our current analysis, all the TWA stars have at 
least 76%, in most cases 80% — 86%, of their surfaces covered with magnetic fields. 
The surfaces of TTSs are quite possibly fully covered by strong magnetic fields. 
Pevtsov et al; (2003) examine the X-ray luminosities and the total unsigned mag-
netic flux of active stars as well as regions of different activity level on the Sun. They 
find a nearly linear correlation over many decades of variation in the two quantities. 
We calculate the magnetic flux of the four TWA stars (excluding TWA 5A since it 
is an unresolved multiple system), Using our magnetic field measurements and the 
stellar radii estimated from bolometric luminosities given in Webb et al. (1999) and 
the effective temperatures of our stars. We utilize the X-ray luminosity-magnetic flux 
relationship of Pevtsov et al. (2003) and calculate the predicted X-ray luminosity. For 
comparison, we use the X-ray to bolometric luminosity ratio, Lx/Lb0i, reported by 
Webb et al. (1999) to get the value of Lx for each star. The predicted and measured 
values of Lx for the three TWA stars (TWA 7, TWA 8A and TWA 9 A) presented in 
this paper and that of TW Hydrae taken from Chapter 2 are plotted in Figure 3.7. A 
measured value for TWA 9B is not available in the literature. As shown in Figure 3.7, 
the observed Lx values of the four TWA stars are smaller than the predicted values 
by a factor of 2.7 ± 0.7 on average. This is similar to the findings of Johns-Krull 
(2007) in a study of 14 CTTSs in Taurus and Auriga. The stars from Johns-Krull 
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(2007) are also plotted in Figure 3.7, and the difference between the observed and 
the predicted Lx values is a bit more obvious. The average ratio of the predicted to 
observed Lx values is 17.7 ± 3.4 for the 14 Taurus and Auriga stars. At an age of 
about 10 Myrs,. the TWA stars are substantially older than the stars in the Taurus-
Auriga region ( ~2 Myrs). As a result, the TWA stars are substantially closer to the 
main sequence and this may be the reason why their X-ray luminosities and magnetic 
flux values are closer to the relationship found by Pevtsov et al. (2003) which was 
based primarily on main sequence stars. The X-ray emission on active stars such as 
TTSs is thought to mainly result from energy dissipation in magnetic fields during 
flares and small-scale flare-like activities (Giidel et al., 2003; Arzner et al., 2007). 
Magnetic fields are stressed due to convective gas motions in the lower photosphere 
and below (Foukal, 2004), producing flares of various scales. For PMS stars that are 
fully covered by magnetic fields, when the magnetic field strength is larger than the 
equipartition value, it may be more difficult for the gas, at least in the photosphere, 
to push around the fields and build up magnetic stress. This would be the case for 
both the Taurus stars and the TWA stars. The ratio of the observed to equipartion 
magnetic field, Bobs/Beq, for the Taurus stars on average is greater than that for the 
TWA stars, so the X-ray production might be more prohibited for the Taurus stars 
resulting in the observed Lx being further away from the line of equality in Figure 
3.7. It will be interesting to see where TTSs in other age groups fit in this picture 
relating magnetic flux and X-ray emission. 
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Figure 3.7 Observed X-ray luminosity plotted against the predicted X-ray luminosity 
for the TWA stars. The solid line is the line of equality, and the dashed line is where the 
predicted value is 10 times the observed one. The filled circles represent the TWA stars 
from this paper, with the observed X-ray luminosity derived from Webb et al. (1999). The 
hollow diamonds represent the Taurus &: Auriga stars from Johns-Krull (2007). 
The origin of magnetic fields on TTSs has sparked various theoretical speculations, 
but it is still far from clear how the strong fields on these stars are produced. Due to 
their youth, most TTSs are fully convective. As a result, a solar-like interface dynamo 
(e.g., Durney & Latour, 1978; Parker, 1993) is unlikely to be responsible for the fields 
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on TTSs. One potential alternative mechanism is a distributed dynamo amplified by 
conyective motions (e.g., Durney et al., 1993; Dobler et a l , 2006; Chabrier & Kiiker, 
2006). Such turbulent dynamos are not well understood at this point, but exisiting 
models seem to only produce field strengths equal to or lower than the pressure 
equipartition values, and many such models also produce strong fields which occupy 
only a small filling factor at the stellar surface (e.g., Cattaneo, 1999; Bercik et al., 
2005). Both of these predicitons appear not to be borne out by the observations. In 
addition to a possible dynamo origin, the magnetic fields of TTSs could also result 
from the primordial flux that survives the star formation process (e.g., Tayler, 1987; 
Moss, 2003). With the measurements from this paper and those in Yang et al. (2005) 
and Johns-Krull (2007), we explore this issue by comparing the average magnetic 
field strength and magnetic flux of the stars in TWA and in Taurus-Auriga, two 
regions of different ages. The average magnetic field of the Taurus-Auriga stars is 
2.20 ± 0.16 kG, which is smaller than that of the five TWA stars (TW Hya, TWA 7, 
TWA 8A, TWA 9A and TWA 9B), where B = 2.98±0.22 kG. While the average field 
strength increases slightly from the age of Taurus to that of TWA, we see a sharp 
decrease of the average magnetic flux, ATTR^B, from (7.00 ± 1.37) x 1018 Wb for the 
Taurus-Auriga stars compared to (2.61 ± 0.69) x 1018 Wb for the five stars in TWA. 
This change in the magnetic flux is generally consistent with the decay of primordial 
magnetic fields on TTSs as suggested by Moss (2003). With only a limited number 
7 
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of samples on hand, the current evidence is far from sufficient. Further observations 
and measurements of young stars in other young clusters of different ages, e.g., the 
Orion Nebula Cluster and the /?' Pictoris Moving Group, could shed more light on the 
issue of field generation in young stars. 
Chapter 4 
The Magnetic Fields on T Tauri Stars in the Orion 
Nebula Cluster 
4.1 The Orion Nebula Cluster 
The Orion Nebula Cluster (ONC) is one of the most extensively studied regions 
in the sky. Located just in front of the OMC-1 molecular cloud, at a distance of 
400-500 pc (Hirota et al., 2007; Sandstrom et a l , 2007; Jeffries, 2007), it's the clos-
est site of massive star formation. The age of the ONC is estimated to be about 1 
Myr by comparing the observed HR diagram with theoretical pre-MS evolutionary 
tracks (Hillenbrand, 1997). Strong ionizing radiation, primarily from the young and 
bright 06 star 9l Ori C, evaporates surrounding molecular gas, creating a huge cav-
ity and exciting the famous Orion Nebula. Though much of this region still suffers 
strong extinction (e.g., Carpenter et al., 2001), a few thousand low-mass stars and 
brown dwarfs are visible in the optical. The young stars provide an important sam-
ple for studies such as the initial mass function of stellar clusters, the properties of 
circumstellar disks, and the evolutionary effects of high mass stars on low mass star 
formation. The dynamic star-formation activity in the ONC also gives rise to strong 
stellar jets and outflows, resulting in violent interactions with the ambient molecular 
environment on various scales (e.g., Bally et al., 2000). O'dell (2001) gives a com-
prehensive review of the region. Here, we report magnetic field measurements for 14 
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TTSs in the ONC, which allows the first investigation into the magnetic properties 
of TTSs in the ONC. 
4.2 Observations and Data Reduction 
The observations were conducted on UT December 9-10, 2006, with the Phoenix 
high-resolution near-IR spectrometer (Hinkle et al., 2003) on the 8.1 m Gemini South 
Telescope at Cerro Pachon, Chile (program ID: GS-2006B-C-8). With the K4484 
order sorting filter, the grating was oriented to provide wavelength coverage between 
2.2190-2.2285 /^ m in air. This configuration allowed the recorded spectra to contain 
three magnetically sensitive Ti I lines as well as less magnetically sensitive lines of 
Fe I and Sc I. The0^34 (4-pixel) wide slit was used to achieve a spectral resolving 
power of R ~ 50,000. For each star, two exposures were acquired in nodding mode 
with an offset of 5" along the 14" slit. Typical seeing was around 0"'5. Telluric and 
spectral standards were also observed each night. Data reduction was carried out 
using the IDL software described in Johns-Krull et al. (1999b). Seven bright telluric 
lines were used for wavelength calibration. A summary of the ONC star observations 
is provided in Table 4.1. 
4.3 Analysis and Results 
We analyze the three Ti I lines near 2.22 fj,m using the same procedures which 
were described in detail in Johns-Krull et al. (1999b), Johns-Krull et al. (2004), and 
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Table 4 .1 Journal of Observations 
Object R.A. (2000) Dec. (2000) UT Date UT Time Total Exposure Time (s) 
2MASS 05353126-0518559 05:35:31.26 -05:24:18.4 2006 Dec 10 01:56 1200 
V1227 0ri 05:35:10.58 -05:21:56.2 2006 Dec 10 02:40 1600 
2MASS 05351281-0520436 05:35:12.81 -05:20:43.6 2006 Dec 10 03:16 1800 
V1123 0ri 05:35:23.44 -05:10:51.7 2006 Dec 10 03:56 2280 
OVOri 05:35:52.76 -05:12:59.0 2006 Dec 10 04:44 2600 
V1348 0ri 05:35:30.42 -05:25:38.5 2006 Dec 10 05:50 2880 
LOOri 05:35:08.22 -05:37:04.7 2006 Dec 10 06:49 2880 
V568 0ri 05:35:36.44 -05:34:11.1 2006 Dec 10 07:45 3000 
LWOri 05:35:12.20, -05:30:32.9 2006 Dec 11 01:44 3600 
V1735 0ri 05:35:22.45 -05:09:11.0 2006 Dec 11 02:53 3600 
V1568 0ri 05:35:36.70 -05:37:41.5 2006 Dec 11 04:03 3600 
2MASS 05361049-0519449 05:36:10.49 -05:19:44.9 2006 Dec 11 06:35 3600 
2MASS 05350475-0526380 05:35:04.75 -05:26:38.0 2006 Dec 11 05:15 3600 
V1124 0ri 05:35:47.39 -05:13:18.5 2006 Dec 11 07:46 3600 
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Chapter 2 and 3. First, for our objects, we obtain estimates of the stellar parame-
ters Teff, logg, and vsini from the literature. Then we calculate synthetic spectra 
by constructing model atmospheres appropriate for the stars and using a polarized 
radiative transfer code. In contrast to our analysis of the stars in Chapter 2 and 3, 
we do not have the magnetically insensitive CO data to help check the accuracy of 
the atmospheric parameters. However, two Fe I lines at 2.2257 and 2.2260 /xm and 
one Sc I line near 2.2267 /xm are available. These three lines have weak sensitivity to 
magnetic fields and essentially serve the same purpose as the CO lines (i.e., they help 
ensure that the excess broadening seen in the Ti I lines is magnetic in origin). We 
model this broadening to measure the surface magnetic fields on the TTSs in Orion. 
In order to construct appropriate model atmospheres, we obtain the stellar atmo-
spheric parameters from Hillenbrand (1997). We convert Hillenbrand spectral types 
to Teff according to Johnson (1966). In a few cases, marked in the Teg column in Table 
4.2, we adjust Tes by 100 or 200 K depending how well the predicted non-magnetic 
spectrum matches the Fe I and Sc I lines. To calculate logg, we use the stellar lu-
minosities and masses from Hillenbrand (1997) and the Tefj converted from spectral 
types. Because of their youth, many of our objects have surface gravities lower than 
3.5 in logarithmic scale, which is the lowest available value in the NextGen Model 
Atmospheres Grid (Allard & Hauschildt, 1995). In such cases, we use logg = 3.5. We 
expect that doing so produces only a modest (~ 10%) error in our measurements of 
Table 4.2 Stellar Parameters 
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I D ° 
867 
347 
391 
731 
1021 
850 
321 
923 
381 
705 
926 
5073 , 
258 
995 
Object 
2MASS 05353126-0518559 
V1227 0ri 
2MASS 05351281-0520436 
V1123 0ri 
OV Ori 
VI348 Ori 
LO Ori 
V568 Oti 
LW Ori 
VI735 Ori 
V1568 Ori 
2MASS 05361049-0519449 
2MASS 05350475-0526380 
V1124 Ori 
CTTS 
CTTS 
CTTS 
NTTS 
CTTS 
CTTS 
CTTS 
CTTS 
CTTS 
NTTS 
NTTS 
CTTS 
CTTS 
NTTS 
Spectral Type 
K8Ve 
K5-K6 
Mle 
M0/K8 
K5-K6 
K8 
M0 
Ml 
M0.5 
K4 
, K7 
K3 
M0.5 
M1.5 
Ted 
(K) 
3900 
4200 
3500 c 
3800 
4000 c 
3800 c 
3900 c 
3664 
3800 c 
4400 c 
4000 
4200 c 
3664 
3589 
logJH b 
2.98 
3.33 
3.27 
3.20 
3.62 
3.47 
3.49 
3.25 
3.32 
N/A 
3.29 
3.97 
3.34 
3.17 
Iog9 
3.50 
3.50 
3.50 
3.50 
3.62 
3.50 
3.50 
3.50 
3.50 
4.00 
3.50 
4.00 
3.50 
3.50 
vsini 
(km s"1) 
11.5 
10.0 
10.6 
16.4 
14.0 
15.5 
12.5 
6.2 
15.9 
16.6 
15.0 
9.2 
10.4 
6.2 
log Lb„i 
(£<•>)' 
0.249 
-0.086 
-0.i65 
0.098 
0.105 
-0.107 
-0.195 
-0.192 
-0.150 
'N/A 
0.111 
0.191 
-0.157 
-0.162 
M. 
(Me) 
0.30 
0.41, 
0.29 
0.35 
0,63 
0.40 
0.38 
0.29 
0.32 
N/A 
0.40 
1.14 
0.33 
0.26 
R. 
(Re) 
2.93 
2.31 
2.07 
2.46 
2.04 
1.94 
1.85 ' 
2.11 
2.04 
N/A 
2.37 
1.82 
2.02 
2.19 
Prot 
(days) 
10.66 
7.33 
16.33 
7.64 
N/A 
7.78 
7.74 
1.15 
16.20 
N/A 
5.54 
N/A 
10.98 
8.18 
Age 
(10? yr) 
0.7 • 
3.4 
1.1 
0.8 
1.3 
1.3 
2.0 
'. 1.3 
1.4 
N/A 
1.3, 
1.4 
1.2 
,1.2 
a
 The ID, spectral type, vsini, Lboi and M* are taken from 
Hillenbrand (1997). 
" Calculated using Lboi, M* from Hillenbrand (1997) and 
Teff used in our models. See text in §4.3. 
c
 Teff is adjusted by 100 or 200 K after converted from spec-
tral type. See text in § 4.3. 
magnetic fields, because our analysis technique is not very sensitive to small errors in 
Teff or log g, as shown by the extensive Monte Carlo analysis in §2.3.3 of Chapter 2. 
The log # values we derive from the Hillenbrand paper and those actually used in the 
analysis are listed in Table 4.2, along with other important stellar quantities. Stellar 
ages are estimated using the pre-MS evolutionary tracks by Siess et'.al. (2000), 
The magnetic models we use for the ONC stars are constructed in the same way 
as models 1-3 for the TWA stars and are fully described in §3.3 of Chapter 3. The 
majority of our objects are CTTSs and are subject to substantial K band veiling. 
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Veiling is the excess continuum emission created by the accretion shocks on CTTSs, 
and it makes the spectral lines appear shallower after flux normalization. Therefore, 
in addition to solving for magnetic field strengths and filling factors, our models also 
allow K band veiling (r^) as a free parameter. This extra parameter only affects the 
depths of the lines and does not directly change the line widths. The Fe I and Sc I 
lines help assure that the veiled Ti I line profiles without magnetic broadening are 
accurately predicted. The measured mean magnetic field for each magnetic models 
(models 1-3), fitted K band veiling, and corresponding reduced x2 values are listed 
in Table 4.3. As examples, the K band spectra of 2MASS 05353126-0518559, V1123 
Ori and V1348 Ori are shown in Figures 4.1-4.3. 
4.4 Discussion 
For 14 T Tauri stars in the ONC, we model the Zeeman broadening in three mag-
netically sensitive Ti I lines and measure the mean surface magnetic field strengths 
on these stars. For most of our targets, the single magnetic component fit of model 
1 is not good enough to account for all the excess broadening in the observed line 
profiles. Models 2 and 3 generally yield higher magnetic field strengths and a better 
match to the observations, resulting in lower reduced x2 values. In most cases, the 
mean field values recovered by models 2 and 3 are in good agreement with similar 
reduced x2 values. On average, the difference between the two recovered values is 
below 15%. To be consistent with the comparison in Chapter 2 and 3, we use the 
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Table 4.3 Magnetic-Field Measurements. 
Object 
2MASS 05353126-0518559 
V1227 0ri 
2MASS 05351281-0520436 
V1123 Gri 
OVOri 
V1348 Gri 
LOOri 
V568 0ri 
LWOri 
V1735 Ori 
V1568 Ori 
2MASS 05361049-0519449 
2MASS 05350475-0526380 
V1124 Ori 
CTTS 
CTTS 
CTTS 
NTTS 
CTTS 
CTTS 
CTTS 
CTTS 
CTTS 
NTTS 
CTTS 
CTTS 
CTTS 
NTTS 
Model 1 
S ( k G ) ( ; a 
1.82 (1.68) 
1.51 (1.85) 
1.36(1.61) 
1.97(2.52) 
1.42(1.14) 
1.89(2.63) 
2.44 (2.45) 
1.15 (1-34) 
1.03(1.31) 
1.43 (1.18) 
1.12 (1.82) 
1.62 (2.48) 
1.87 (2.89) 
1.35 (3.84) 
TK 
0.56 
0.16 
0,56 
0.00 
0.39 
0.22 
1.09 
0.53 
1.46 
0.00 
0.00 
0.21 
0.55 
0.00 
Model 2 
B (kc) (x*y 
2.82 (1.32) 
2.21 (1.49) 
1.87 (1.52) 
2.57 (2.01) 
2.18 (1.12) 
3.21 (2.30) 
3.36 (2.10) 
1.63 (1.14) 
1.61 (1.28) 
2.03 (1.09) 
1.68 (1.57) 
2.22 (1.97) 
2.76 (2.34) 
1.85 (3.00) 
TK 
0.79 
0.34 
0.73 
0.00 
0,47 
0.47 
1.12 
0.60 
1.87 
0.00 
0.00 
0.19 
0.78 
0.00 
Model 3 
B (kGJ ix2r) 
2.84(1.45) 
2.60 (1.79) 
2.73 (2.50) 
3.01 (2.02) 
2.73 (1.12) 
3.33 (2.29) 
3.83 (2.27) 
1.82 (1.17) 
2.49 (1.32) 
1.96 (1.13) 
1.58 (2.23) 
2.62 (2.02) 
3.33 (2.57) 
2.16 (2.92) 
TK 
0.40 
0.03 
0.51 
0.00 
0.14 
0.24 
0.11 
0.28 
1.27 
0.00 
0.00 
0.22 
0.00 
0.00 
values determined from model 3. 
Since we apply models that are consistent with previous studies of 14 stars in 
Taurus (Johns-Krull, 2007) and .5 stars in the TW Hydrae association (Chapter 2 
and 3), we are able to directly compare the measurements of all 33 stars in the three 
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2.2210 2.2220 2.2230 
2.2250 2.2260 2.2270 
Wavelength(jim) 
2.2280 
Figure 4.1 K-band infrared spectra of 2MASS 05353126-0518559 are shown in the 
histogram. The spectral regions shown in hold are the magnetically sensitive Ti I lines 
actually used in the fit. The dash-dotted lines show a model with no magnetic field. The 
smooth lines are the best fit with magnetic broadening based on model 2. 
regions. Out of the 33 stars in total, 27 stars have spectral types between K7 and 
M3. The rest of the sample has spectral types between K3 and K6, except for the 
KO star T Tau. Therefore, these stars possess similar spectral properties and allow a 
meaningful comparison. In Figures 4.4 and 4.5, we plot the measured magnetic field 
values and magnetic flux against stellar ages, respectively. We note that the magnetic 
field strengths span a range of values and there is no obvious trend of change over 
time. On the other hand, there is a steady decrease of the magnetic flux over time. 
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Figure 4.2 K-band infrared spectra of V1123 Ori are shown in the histogram. The 
spectral regions shown in bold are the magnetically sensitive Ti I lines actually used in the 
fit. The magnetically sensitive Ti I lines are in bold. The dash-dotted lines show a model 
with no magnetic field. The smooth lines are the best fit with magnetic broadening based 
on model 3. 
Such a trend supports the idea that the strong magnetic fields of TTSs could be of 
primordial origin. As suggested by Moss (2003), during the early stages of stellar 
evolution, while primordial magnetic flux does decay, young stars may be able to 
maintain part of the fossil flux from the molecular cloud material, especially later 
when a raditive core is formed. 
In addition to a fossil origin for the magnetic fields on young stars, these observed 
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Figure 4.3 K-band infrared spectra of V1348 Ori are shown in the histogram. The 
spectral regions shown in bold are the magnetically sensitive Ti I lines actually used in the 
fit. The dash-dotted lines show a model with no magnetic field. The smooth lines are the 
best fit with magnetic broadening based on model 3. 
strong fields could be the result of dynamo action, either a solarlike a — Cl dynamo 
(Durney & Latour, 1978; Parker, 1993) or as a result of a distributed dynamo (e.g., 
Durney et al., 1993; Chabrier k Kiiker, 2006; Dobler et a l , 2006). In current a - Q 
dynamo models, magnetic fields are generated by differential rotation at the region 
between the radiative interior and the outer convective shell. In such a dynamo, it is 
believed that levels of magnetic activities are related to the Rossby number, defined 
as Prot/Tc, where Prot is the rotation period and rc is the convective turnover time. We 
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Figure 4.4 Measured magnetic fields plotted against age for the Orion, Taurus/Auriga 
and TWA Stars. The triangles represent the Orion stars from this Chapter. The filled 
circles represent the TWA stars from Chapter 2 and 3, and the hollow diamonds are the 
Taurus/Auriga stars from Johns-Krull (2007). 
note that rc is essentially the same for our Orion stars with an assumed age of 1 Myr 
according to models of both Gilliland (1986) and Kim k Demarque (1996). As a result 
the Rossby number is just proportional to the rotation period, which we take from 
Flaccomio et al. (2003) and list in the last column of Table 4.2. We find no correlation 
between the observed magnetic field strength and the Rossby number. This is similar 
to what Johns-Krull (2007) found for 14 Taurus stars when he found no correlation 
between the measured magnetic field values and various stellar parameters including 
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Figure 4.5 Measured magnetic flux plotted against age for the Orion, Taurus/Auriga 
and TWA Stars. The triangles represent the Orion stars from this Chapter. The filled 
circles represent the TWA stars from Chapter 2 and 3, and the hollow diamonds are the 
Taurus/Auriga stars from Johns-Krull (2007). 
rotation. Both results are generally contrary to the prediction of dynamo theories. 
In addition to interface dynamo, there are also models which involve a distributed 
dynamo. This kind of dynamo is thought to be able to operate in fully convective 
stars such as TTSs and create large-scale magnetic field by convective motions. They 
are also expected to have a dependence, though possibly weakly, on rotation (e.g., 
Chabrier & Kiiker, 2006; Dobler et al., 2006), which is not observed as mentioned 
above. Therefore, we suggest that survival of the fossil magnetic flux seems to be a 
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more promising explanation for the origin of strong magnetic fields on TTSs. 
We also examine the relation between the X-ray properties and the magnetic 
flux of the ONC stars. As first found by Pevtsov et al. (2003), for the Sun and a 
number of main-sequence dwarfs, there is a nearly linear correlation between their 
X-ray luminosities, Lx, and the total unsigned magnetic flux which holds over 12 
orders of magnitudes in both quantities. We use this relationship with our measured 
magnetic flux values to calculate the predicted X-ray luminosities for our ONC stars. 
These values are listed in Table 4.4 where we compare them with the observed values 
reported by Flaccomio et al. (2003) and Getman et al. (2005). The comparison is 
also plotted in Figure 4.6. On average the predicted Lx values of the ONC stars 
are larger than the observed values by a factor of 4.9 ±1.4. Such suppression of the 
X-ray emission is also consistently found for the Taurus and TWA stars, also shown 
in Figure 4.6, though the reduction is different in each region. 
It is thought that the X-ray emission on TTSs is generated during flares or so-
called microflares which release energy from stressed magnetic fields in the coronae 
of these stars (Giidelet al., 2003; Arzner et al., 2007). On the Sun, it is believed 
that these stresses are built up by convective motions acting on the footprints of 
coronal loops. For TTSs, strong surface magnetic fields may make it difficult for 
convective gas motions to build up this magnetic stress. In Table 4.4, in addition 
to listing the measured magnetic field strength, we also list the equipartition field 
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strength, Beq = (87rP5) ' , which assumes the magnetic pressure is in balance with the 
surrounding unmagnetized photospheric gas pressure. The ratio of the observed field 
strength to the equipartition field strength ranges from 1.3 to 3.9 for the ONC stars, 
indicating the dominance of magnetic pressure over gas pressure in the photospheres 
of these TTSs. The dominance of magnetic pressure may partially prohibits the 
production of X-ray emission. These ratios are close to those of the TWA stars (see 
Table 3.2 in Chapter 3) and it seems no coincidence that in Figure 4.6 the observed 
X-ray luminosities of most ONC stars are smaller than the predicted values by a 
similar scale to the TWA stars. 
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Figure 4.6 Observed X-ray luminosity plotted against the predicted X-ray luminosity 
for the Orion, Taurus/Auriga and TWA stars. The solid line is the line of equality, and 
the dashed line is where the predicted value is 10 times the observed one. The triangles 
represent the Orion stars from this Chapter. The filled circles represent the TWA stars from 
Chapter 2 and 3, and the hollow diamonds are the Taurus/Auriga stars from Johns-Krull 
(2007). 
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Table 4.4 Magnetic Field Properties and X-Ray Luminosities. 
Object BM3 Beq Predicted log Lx Observed log Lx 
(kG) (kG) (erg/s) (erg/s) 
2MASS 05353126-0518559 2.84 0.99 31.17 30.37 
V1227 0ri 2.60 0.87 30.59 30.20 
2MASS 05351281-0520436 2.73 1.03 30.89 29.65 
31.07 30.65 
30:93 N/A 
30.89 30.63 
30.81 <30.23 
30.57 30.04 
30.70 29.63 
N/A N/A 
30.67 <30.38 
2MASS 05361049-0519449 2.62 1.42 30.92 30.69 
2MASS 05350475-0526380 3.33 1.02 30.91 30.45 
V1124 0ri 2.16 1.67 30.73 30.29 
V1123 Ori 
OVOri 
V1348 0ri; 
LO Ori 
V568 0ri 
LWOri 
V1735 0ri 
V1568 Ori 
3.01 
2.73 
3.33 
3.83 
1.82 
2.49 
1.96 
1.58 
1.00 
1.07 
1.00 
0.99 
1.07 
1.00 
1.35 
0.93 
Chapter 5 
Spectropolarimetry of T W Hydrae 
5.1 Forword 
As discussed in the previous three chapters, Zeeman broadening method using the 
Ti I lines provides measurements of the total unsigned magnetic flux on the surfaces 
of the young stars. However, this method gives little information on the magnetic 
geometry on these stars. Current magnetospheric theories usually assume that the 
magnetic topology on the TTSs is a dipole and such magnetic configuration should 
result in an evident longitudinal field component. It is essential to have observational 
constraints on this characteristic, which could strongly tests the current models. As 
introduced in Chapter 1, spectropolarimetry observations are capable of detecting net 
circular polarization in Zeeman sensitive lines, and together with the mean magnetic 
field measurement of TW Hya (Chapter 2), a clearer picture can be obtained for the 
magnetic geometry of this nearly pole-on system. 
5.2 Observations and Data Reduction 
We obtained spectra using a Zeeman analyzer (ZA) system on the 2,7 m Harlan 
J, Smith Telescope at McDonald Observatory on April 21-26, 1999. This system has 
been described by Vogt et-al. (1980), with subsequent modifications described by 
Johns-Krull et al. (1999a). The ZA splits stellar light coming to a focus on the slit 
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into two parallel beams that create two separate stellar images on the spectrograph 
slit. One beam contains approximately half the unpolarized light and any RCP light, 
while the other beam contains the remainder of the unpolarized light and any LCP 
light. 
The ZA was used with the 2-d coude cross-dispersed echelle spectrometer (Tull 
et al., 1995). This spectrometer provides a 2-pixel spectral resolution of R = X/5X « 
6.0,000 and enough space between the orders to interleave simultaneously stellar spec-
tra of both circular polarization states. To reduce spurious linear polarization induced 
by the coude mirror train, the ZA control computer automatically updates the re-
tardance of a Babinet-Soleil phase compensator (PC) fixed to the front of the ZA. 
The phase compensation is continually changed, as telescope orientation changes 
throughout an observation. Each night, 2 exposures of TW Hya were obtained. Be-
fore the second exposure, an achromatic 1/2-wave plate (manufactured by Special 
Optics, model No. 8-9012-1/2) was inserted in front of the ZA+PC in order to switch 
the sense of circular polarization recorded in the two interleaved spectra. Analyz-
ing and averaging the results of this pair of exposures reduces potential sources of 
systematic/instrumental error in the measurements. All spectra were reduced us-
ing an echelle-reduction package developed by Valenti (1994) and described more 
fully in Hinkle et al. (2000). Wavelength solutions are determined from spectra of 
a Thorium-Argon lamp by performing a two-dimensional fit. to the positions of lines 
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Table 5.1 Observations and Results 
UT Date UT Time iVeXp Total Exposure Time (s) Bza(G) a 
1999 Apr 21 03:54 2 4300 66 40 
1999Apr22 04:12 2 4700 54 56 
1999 Apr 23 03:44 2 4700 84 32 
1999 Apr 24 03:38 2 4700 82 61 
1999Apr25 04:48 2 4700 47 48 
1999 Apr 26 03:37 2 4700 149 33 
"Photospheric field strength, 
on the detector as a function of n and nA, where n is theechelle order. Table 5.2 
summarizes the observations discussed here. 
5.3 Analysis 
5.3.1 Photospheric Bz 
We use 12 photospheric absorption lines that have relatively large Lande ^-factors 
to measure the longitudinal field, Bz, on TW Hya. These lines are also relatively 
strong and unblended, and not significantly affected by telluric absorption. The 
species we use, as well as their wavelengths and Lande (/-factors, are listed in the first 
three columns of Table 5.2. 
Our analysis technique is as follows. We cross-correlate the LCP and RCP line 
84 
T a b l e 5.2 Photospheric Field Measurements. 
Species 
C a l 
Fe l 
Fe l 
V I 
Fe l 
Fe l 
Fe l 
F e l 
T i l 
All 
Fe l 
F e l 
Telluric 
Telluric 
Telluric 
Telluric 
Telluric 
Telluric 
H e l l 
C a l l 
A(A). 
6166.4 
6180.2 
6200.3 
6213.4 
6322.6 
6330.8 
6335.3 
6336.8 
6359.8 
6696.0 
8468.4 
8757.1 
8139.5 
8140.5 
8141.5 
8146.1 
8147.0 
8158.0 
5876. 
8498. 
9eS 
0.50 
0.64 
1.51 
2.00 
1.51 
1.22 
1.16 
2.00 
1.20" 
1.16 
2.50 
1.50 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
1.00 
1.07 
Apr 21 
186 ± 3 9 3 
150 ± 350 
173 ± 150 
-6 ± 1 1 1 
47 ± 133 
12 ± 199 
222 ± 161 
76 ± 144 
, 34 ± 1 4 5 
50 ± 258 
43 ± 6 6 
142 ± 168 
-33 ± 88 
17 ± 4 8 
-33 ± 45 
-10 ± 6 9 
64 ± 68 
-3 ± 37 
-1806± 114 
-212±57 
Apr 22 
-78± 532 
-269± 418 
-79± 158 
30± 159 
14±328 
233±258 
244±245 
107±237 
197± 231 
101±337 
22± 101 
106± 149 
24±83 
124±51 
-30±64 
-4±71 
58±82 
3 ± 4 7 
-1506± 112 
-289±59 
Apr 23 
258±343 
-79±307 
52± 102 
108± 113 
31± 117 
75± 148 
190± 118 
122± 92 
110± 112 
-39±304 
47±57 
131± 103 
55± 95 
14±55 
-31± 44 
44± 68 
34± 66 
-10± 47 
-1790± 149 
-323± 36 
Apr 24 
-450± 586 
-338±516 
74± 226 
145± 224 
-110± 227 
74± 281 
540± 273 
245± 199 
71± 217 
123± 462 
50± 107 
35± 170 
-153± 89 
78±62 
21± 69 
-38± 58 
-8± 68 
-82±66 
-1583± 159 
-392± 62 
Apr 25 
76± 316 
-20± 349 
238± 143 
-277± 156 
283± 235 
-41± 194 
162± 196 
114± 140 
317± 148 
-11± 372 
-53± 92 
-112±181 
-62± 65 
35± 76 
-78± 81 
-21±79 
-27± 83 
-37±73 
-1471± 143 
-402± 64 
Apr 26 
-448± 321 
280± 247 
113± 84 
92± 86 
79± 117 
13± 123 
280± 138 
157± 89 
359± 111 
111± 267 
181± 74 
156± 140 
-75± 243 
-21±72 
25±57 
33± 61 
27± 69 
-17± 51 
-1776± 96 
-180± 34 
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profiles and measure the wavelength separation between the two spectra for each 
line. Using eq[l], we convert the measured wavelength separation for each line into 
a longitudinal magnetic field. We then use a Monte Carlo analysis to estimate the 
uncertainties in our measured wavelength separations. First we fit a Gaussian curve to 
the observed intensity profile, which is the sum of the LCP and RCP spectra for each 
night. By adding noise comparable to that in our observations to the Gaussian curve, 
we construct a pair of synthetic observations (one represents the LCP and the other 
the RCP component). Then we analyze these profiles in the same way as we handle 
the actual observations and obtain a line separation which is then translated into 
magnetic field strength using eq.[3.1]. For each individual spectral line on each night, 
we execute the Monte Carlo process above 100 times and measure the apparent shift 
(we have tried shifts of 0 and 0.5 pixels) between the synthetic LCP and RCP spectra. 
We then adopt the standard deviation of the corresponding Monte Carlo results as 
the uncertainties in our measurement of Bz. The results for each photospheric line 
for each of the six nights are listed in the last six columns of Table 5.2. The weighted 
mean field values and their uncertainties for the six nights are listed in Table 5.2. 
The night-to-night variation is plotted at the bottom panel of Figure 5.1. 
The mean longitudinal field value on April 26, 1999 is 149 ± 33 Gauss, well over 
the 3cr limit. If this field strength and uncertainty estimate are accurate, it represents 
the largest magnitude of Bz detected at a significant level on a low mass pre-main 
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sequence star, and one of the highest Bz values detected for any low mass star (see 
Donati et-al., 2006). To rule out spurious instrumental polarization, we apply the 
same technique to analyze six magnetically insensitive telluric absorption lines and 
find the observed wavelength separations between the LOP and RCP spectra of these 
lines. The telluric lines are narrower than the stellar photospheric lines, allowing 
wavelength separation to be measured more precisely, yielding smaller uncertainties 
in Bz, and placing tighter limits on spurious instrumental polarization. In order 
to translate the observed wavelength separations into magnetic field strengths for 
comparison, we assign a <?eff f° r the telluric lines of 0.93, which is determined from 
the weighted mean value of \2geg for the 12 photospheric lines, where the weights 
are uncertainties in the photospheric field measurements. The field estimates from 
the telluric lines are given in Table 5.2 for each night. The recovered field strengths 
for the telluric lines are all consistent with no magnetic field (as they should be) to 
within the errors, which are typically ~ 28 G (lcr). 
Another way to confirm the reality of the photospheric Bz measurement on the 
last night of observation is to look for a correlation between the measured wavelength 
shift and the #eff of each line. This is perhaps the best way to establish the magnetic 
origin of the shifts, and hence rule out any potential instrumental effects unaccounted 
for. We can rewrite eq. [3.1] as follows: 
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In Figure 5.2, we plot the left hand side of eq.[2] against ges. The solid line marks 
the expected relationship for Bz = 149 G. The wavelength separations of the telluric 
lines (hollow diamonds in Figure 5.2) are all found to be close to zero as they should 
be, since the molecular lines have negligible geg and form in the weakly magnetized 
atmosphere of the Earth. Using all the data points in Figure 5.2, the reduced x2> 
X%, for the Bz = 149 G line is 0.68, corresponding to an 83% chance of being an 
acceptable model, while a best-fit horizontal line, indicative of an instrumental offset, 
yields x? = 1-91, corresponding to less than a 2% chance of being an acceptable 
model. The positive correlation shown in Figure 5.2 and the detailed statistical tests 
give confidence that the measured wavelength separations are indeed magnetic in 
origin, so that we do detect a rather strong longitudinal field on TW Hya above the 
4cr limit. 
Examination of Table 5.2 or the bottom panel of Figure 5.1 shows that while we 
find a value of J5Z larger than the 3cr measurement uncertainties only once, all measure-
ments are systematically positive and agree with each other within the uncertainties. 
Given that TW Hya has an inclination close to 0°, little rotational modulation is 
expected (though see §3.2). Taking the weighted mean of all 6 nights data gives a 
value of Bz= 90 ± 17 G. 
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5.3.2 Magnetic Fields in the Emission Line Region 
Significant polarization in the He I 5876 A emission line has been detected on 
several CTTSs. Johns-Krull et al. (1999a) first discovered this polarization and found 
Bz = 2.46 ±0.12 kG in the He I line formation region of BP Tau. Valenti &; Johns-
Krull (2004) found He I polarization in four CTTSs: AA Tau, BP Tau, DF Tau, and 
DK Tau. Symington et al. (2005) also detect He I polarization at greater than the 3<r 
level in three stars (BP Tau, DF Tau, and DN Tau) in their survey of seven CTTSs. 
While this He I line can form weakly in emission in naked TTSs (NTTSs) which 
are believed to lack close circumstellar disks and significant accretion, the strong 
He I emission of CTTSs is thought to form in the accretion shock region where disk 
material hits the stellar surface (e.g., Edwards et al., 1994; Hartmann et al., 1994). 
Here we analyze our observations of TW Hya and find strong circular polarization 
in the He I 5876 A emission line as well. The same analysis technique used for 
the photospheric lines is applied. This He I line is a multiplet. The observed shift 
between the line observed in different circular polarization states described below is 
larger than the spacing between most of the multiplet members that make up this 
feature. As a result, the magnetic splitting is best described by the Paschen-Bach 
effect, hence geg = 1.0 for the line. [Even in the weak field limit of Zeeman broadening, 
LS coupling gives ges = 1.11 (Johns-Krull et al., 1999a), so the choice of treatment 
makes only a small difference on the resulting field values.] The measurements for 
89 
each night are listed in Table 5.2 and the weighted mean of the net longitudinal field 
for all the nights together is —1673 ± 50 G. A pair of representative LCP and RCP 
spectra is shown in top panel of Figure 5.3. In addition to the 5876 A line of He I, 
our spectrometer setting also contains the 6678 A line of He I. This line is'the singlet 
counterpart to the 5876 A line and has
 :geg = 1.0. Analysis of the 6678 A line gives 
magnetic field values in the He I line formation fully consistent with the values from 
the 5876 A line to within the measurement uncertainties (which are about a factor of 
2 larger for the 6678 A line since this line is weaker than the 5876 A line). 
We also detect significant polarization in the Ca II 8498 A emission line as shown 
in the bottom panel of Figure 5.3. Nightly measurements are given in Table 5.2 
and we measure a weighted mean Bz = —276 ± 19 G for all the nights together. We 
expect that the other members of the Ca II infrared triplet (IRT) show similar levels of 
polarization, but they fall in the gaps in our spectral coverage and were not observed. 
The origin of the narrow IRT emission lines seen in many CTTSs (including TW Hya) 
is somewhat debated and is discussed further in §4. Our detection of polarization in 
this line with the same polarity as the He I line suggests that the accretion shock 
contributes some emission to this component of the IRT. Our measured Bz for the 
Ca II line is 16% of our measured Bz for the He I line, which suggests at least 16% 
of the Ca II emission comes from accretion regions with highly ordered magnetic 
fields. This is a lower limit because the lower Bz for Ca II could also signify a larger 
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contribution from regions of lower field strength (e.g., the accretion column) or mixed 
polarity (e.g., a radiatively heated sheath around the accretion footpoint as proposed 
by Batalha et al. (1996)). Non-shock contribution to the He I line could lower our 
estimate of 16%, but in the case of TW Hya the effect is almost negligible (see more 
on this issue at the end of §4). 
The time series of the measured field values from the He I and Ca II lines, along 
with that from the photosphere, are plotted in Figure 5.1. The night-to-night vari-
ation of the polarization in the He I line shows a hint of periodicity. We adopt a 
rotation period P = 2.2 days for TW Hya from Mekkaden (1998) and fit a sine wave 
to the measured field values. The fit has x2 ~ 1-2 for 3 degrees of freedom, indicating 
an 76% probability of being an acceptable model. However, we also fit a straight 
line to our data (representing a model with no variability) and find x2 = 6.30 for 
5 degrees of freedom, which has a significant 28% probability of representing an ac-
ceptable model. Both fits are shown in Figure 5.4. The Ca II and photospheric lines 
do not show the same indications for periodicity; however, their relative uncertainties 
are much larger. Since our analysis is limited to six data points, the evidence for 
rotational modulation in the He I line is suggestive, but remains inconclusive. 
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Figure 5.3 Observed LCP (solid line) and RCP (dash-dotted line) spectra of He.I 
A5876 line and Ca II A8498 line on April 26, 1999. 
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Figure 5.4 Time series of the longitudinal magnetic field measured by He I A5876 line. 
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5.3.3 Ha Line Profiles 
In Figure 5.5, we plot the Ha profiles from all six nights. The intensity of the 
Ha line varies and generally decreases with time, suggesting a possible decrease in 
the accretion rate on later nights. A variable blue shifted absorption component 
indicative of the wind from TW Hya also decreases with time over these six nights. 
Other than these general trends in the Ha line over these 6 nights, nothing dramatic 
occurs on the last night when the photospheric Bz takes on its largest value. 
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Figure 5.5 Ha Line Profiles from Six Consecutive Nights 
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We looked for circular polarization in the Ha; emission line as well. This line is 
very strong which aids the detection of weak line shifts between the RCP and LCP 
light. However, since this data was obtained with an echelle spectrometer which 
has a strong blaze function, continuum normalization under Ha: is not trivial. Small 
differences in the continuum normalization of the RCP and LCP profiles can produce 
spurious wavelength shifts. We attempt to quantify this by repeating the analysis of 
the Ha profile using somewhat different regions to fit the continuum, as well as using 
polynomials of order 4, 5, and 6 in the continuum normalization process. For a given 
continuum fit, the strength of the Ha line results in a Bz uncertainty of 6 G resulting 
from the signal-to-noise in the spectra. On the other hand, our different continuum 
fits on the same observed spectrum yielded field measurements different by as much 
as 46 G in some cases; Therefore, we conservatively adopt 46 G as the uncertainty 
in our Ha Bz measurements. We did not detect a value of Bz significantly above this 
level on any of the nights we observed TW Hya, so we put a conservative upper limit 
of Bz in the Ha line formation region of 138 G. 
5.4 Discussion 
Imaging of the tircumstellar disk around TW Hya in the infrared (Krist et al., 
2000; Trilling et al., 2001; Weinberger et a l , 2002), millimeter (Wilner et a l , 2000) 
and sub-millimeter (Qi et al., 2004) wavelengths all suggest that the inclination of 
the disk is close to 0°. Alencar k Batalha (2002) derived an inclination of 18° ± 10° 
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from emission line profile analysis. Lawson &: Crause (2005) derive i ~ 16° from 
photometric monitoring. The night-to-night variation in our measurements of the 
longitudinal field in the He I line is small, only about 10% of the mean value, which 
is also consistent with a low disk inclination angle of TW Hya. Such a geometry 
allows a strong test whether the magnetic field on TW Hya is primarily a dipole 
field with the magnetic axis aligned with the rotation axis. Yang et al. (2005) find 
the mean magnetic field strength in the photosphere of TW Hya to be 2.6 ± 0.2 kG 
from infrared (IR) Zeeman broadening measurements. If we follow Alencar & Batalha 
(2002) and assume an inclination angle between 8° and 28°, and if the magnetic dipole 
axis is aligned with the rotation axis, the 2.6 kG mean field would predict a mean 
line of sight field in the photosphere of Bz = 0.97 — 1.05 kG. This is much higher 
than our maximum measured value Bz= 149 ± 3 3 G, or our weighted mean from all 
nights of Bz= 90 ± 17 G. One possibility to explain the low longitudinal magnetic 
field values yet retain a dipole field geometry is to assume the magnetic axis is highly 
inclined from the rotation axis (i.e. has high obliquity, /?). For example, Krist et al. 
(2000) use the model of Mahdavi &; Kenyon (1998) and conclude that the photometric 
variability of TW Hya observed by Mekkaden (1998) can be explained if i < 10° and 
the field is a dipole with /?•> 55°. If we take i = 10° and (5 = 55°, the 2.6 kG mean 
field on TW Hya still implies a photospheric Bz= 537 G, again well above our upper 
limits for Bz in the photosphere. If the photospheric field is globally dipolar, then 
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(3 must be significantly larger than 55°. If we ask what is required of a dipole field 
geometry to match the 2.6 kG mean field and the 149 G longitudinal field for the 
visible hemisphere of the star, we find that i + (5 = 83.5°. However, in this case we 
have an additional constraint from the He I polarization. 
If the photospheric magnetic field on TW Hya is dipolar, then the magnetic poles 
must be nearly perpendicular to the line of sight at all rotational phases (see preceding 
paragraph). For such a magnetic geometry, material accreted from the corotation 
radius (6.3 R*, see Johns-Krull k. Valenti, 2001) will land within 13° of the magnetic 
pole. In this case, the longitudinal field of ~ 1.7 kG measured in the accretion 
region using the He I line is only the small fraction projected onto the line of sight 
of the true magnetic field in this region. The minimum value of the true field is 
1.7 kG/cos(83.5° - 13°) = 5.1 kG. Such a strong field in the He I line has not been 
observed in any of the previous studies now covering 11 CTTSs (Johns-Krull et al., 
1999a; Valenti & Johns-Krull, 2004; Symington et al., 2005; Daou et al., 2006). We 
conclude that the surface topology of the magnetic geometry on TW Hya (and likely 
all CTTSs) is not a pure, dipole. It is likely that the field topology at the stellar 
surface is dominated by small scale structure such as seen on the Sun. However, the 
dipole component of the field will fall off the least rapidly with distance from the star, 
so it may well be that the interaction of the stellar field with the disk is governed by 
a dipole geometry. Such a picture may explain the relatively smooth, sinusoid like 
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modulation of the field traced in the He I line of the CTTSs studied by Valenti & 
Johns-Krull (2004). 
Hartmann (1998) gives an expression for the truncation radius for an assumed 
dipole field geometry (his equation 8.72) derived under the assumption of spherical 
accretion. As discussed by Bouvier et al. (2007), this is an upper limit for a disk 
geometry. If we assume that the dipole component of the field on TW Hya is re-
sponsible for our detection of Bz = 149 G on this star, we can use the equation from 
Hartmann (1998) to estimate a truncation radius. The estimate again depends on the 
inclination of the dipole component of the field with respect to our line of sight. If 
(as is generally the case for the Sun) we assume the dipole component is aligned with 
the rotation axis, assuming i = 28° gives the strongest possible dipole component 
consistent with our Bz detection and this correponds to an equatorial field strength 
of 260 G. Putting this into equation (8.72) from Hartmann (1998) yields a truncation 
radius of 3 i?* which is significantly less than the co-rotation radius of 6.3 R*. Eisner 
et al. (2006) analyze K-band interferometry observations of TW Hya from Keck, along 
with previous K-band veiling and NIR photometric measurements, to conclude that 
the inner radius of the optically thin disk is around 0.06 AU, which corresponds to 13 
i?». While there are additional techniques that could shed light on the exact location 
of this inner truncation radius (e.g. linear polarimetry is a powerful technique which 
may help in this regard as discussed in Vink et al. (2005), the current data suggests 
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that the system is not in equilibrium as assumed by magnetospheric accretion theories 
if the dipole component of the field alone is responsible for truncating the accretion 
disk. There are certainly higher order contributions to the total field at the surface of 
TW Hya which will contribute some field strength at the co-rotation radius, but just 
how much depends on the detailed field geometry. We suggest more work is needed to 
verify whether the fields on TTSs really are strong enough to truncate disks around 
these stars near the co-rotation radius for realistic magnetic field geometries. 
As noted in §3.2, the level of polarization in the Ca II 8498 A line is much less 
than that detected in the He I line. The IRT lines of Ca II likely have contributions 
from different regions in CTTSs. These lines sometimes show only broad components 
(BC), narrow components (NC), or a mixture of the two (e.g., Alencar & Basri, 2000). 
It is generally accepted that the BC of the IRT originates in the accretion and/or wind 
flows associated with CTTSs, as this component is not observed in NTTSs. However, 
the origin of the NC of the IRT lines is not completely clear. The Ca II 8498 A line 
of TW Hya is dominated by a NC inside a photospheric absorption line. A chromo-
spheric origin for the NC of the IRT lines in both NTTSs and CTTSs was proposed 
by Hamann & Persson (1992). Batalha & Basri (1993) and Batalha et al. (1996) 
echo this idea, though they further suggest that accretion activity in CTTSs can en-
hance the chromospheric emission. They suggest that this is due to the reprocessing 
of radiation produced in accretion shocks as the accreting material hits the stellar 
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atmosphere. Another possible scenario results since the accretion occurs along stel-
lar magnetic field lines: the process may launch Alfven waves in the magnetosphere 
which deposits energy in the chromosphere, heating it beyond what the star alone 
would do. Observationally, there is almost certainly a chromospheric contribution to 
this line in TW Hya and the NC of other CTTSs given the persistent appearance 
of NC emission in NTTSs. For example, Batalha et al. (1996) measured equivalent 
widths (EWsj of the Ca II 8498 A line for 3 K7 NTTSs, finding values which range 
from 0.53 A to 0.59 A. These values are weaker than our EW measurements of TW 
Hya (0.69 — 0.98 A), suggesting a contribution to the line in TW Hya from more than 
just pure chromospheric emission. This mixture of sources can explain the relatively 
weak polarization observed in the Ca II line relative to the He I line. We generally 
expect the magnetic field in the stellar chromosphere to show the same behavior as 
that traced by the photospheric absorption lines. In particular, the weak photospheric 
polarization suggests there should be comparably weak polarization in the IRT lines, 
and we further expect the implied field to be of the same polarity. The field detected 
in the Ca II line is of opposite polarity to that observed in the photosphere, implying 
that the polarization in the enhanced portion of the IRT emission is more polarized 
than implied by the reported value of Bz in this line. The polarity of the average field 
in the Ca II region is the same as that in the He I region on all nights, suggesting 
that their emission is related. Whether this implies actual formation of (some of) the 
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IRT NC emission in the accretion shock or formation in nearby field regions of the 
same polarity is not clear. 
This dilution of the Ca II polarization by chromospheric emission is not expected 
to be an issue for the He I line. The He I 5876 A line of TW Hya is dominated by NC 
emission as well; however, the contribution to this from a pure stellar chromosphere is 
likely quite small. For example, Batalha et'al." (1996) find the EW of the He I A5876 
for the same 3 K7 NTTSs to range between 0.00 - 0.09 A, while for TW Hya we find 
values from 2.5 — 4.3 A. Besides chromospheric activities, both magnetospheric infall 
and a hot wind could potentially give rise to the He I emission. They are believed to 
be responsible for the blue-shifted or red-shifted broad components of the 5876 A line 
profiles in spectra of a number of T Tauri stars (e.g., see Beristain et.al., 2001). In 
the case of TW Hya, an obvious BC is not seen. Thus, the He I line in TW Hya, and 
indeed in most CTTSs, is likely dominated by emission from the accretion shock. In 
the extreme case of Batalha et al. (1996) the collective non-shock contributions only 
account for 4% (0.09 A/ 2.5 A) of the He I emission, which makes our estimate that 
16% of Ca II emission is from accretion regions only adjusted down by 0.6% at most. 
We did not detect any polarization in the Ha line forming region. Ha emission 
likely results from several zones in the TW Hya system including the accretion shock, 
magnetospheric accretion flow, and the stellar and/or disk wind flowing away from 
the star. Thus, the line forms over a large volume where the mean magnetic field is 
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likely relatively weak and the direction of the field is not constant. Indeed, there are 
regions in the magnetosphere (if viewed nearly pole-on) where the field directions are 
reversed. This mixture of polarities will reduce the separation of LCP and RCP line 
profiles. Depending on where the majority of the line forms, we expect the local field 
strength to be quite weak. For example, assuming a face-on disk for TW Hya and a 
dipolar-like magnetospheric accretion flow with the magnetic axis close to the stellar 
rotation axis, the dipole component of the field at the corotation radius will be equal 
to the stellar value of that field multiplied by (i?*/.RC0)3. Taking our estimate above 
of 260 G for the equatorial value of the dipole component of the field at the stellar 
surface and Re = 6.37?* yields a field of about 1 G at a corotation radius where the 
magnetospheric flow may originate. This example simply illustrates that the field 
strength throughout a large portion of the Ha line forming region may be quite weak, 
so our lack of a detection in this line may well be expected. 
Chapter 6 
Concluding Remarks 
The study of young and variable T Tauri stars offers knowledge of how late-type 
stars evolve in the early stage of their lifetimes, giving clues to the formation of the Sun 
and our own Solar System. The intriguing spectroscopic and photometric behavior 
of T Tauri stars have ignited vast interest over the years, and significant effort, both 
theoretical and observational, have been committed to help us understand the nature 
of these objects. To achieve a better understanding of these stars, it is essential to 
understand the properties of the stellar magnetic fields. Measurements of magnetic 
fields on young stars are difficult and the statistics have been sparse to date. 
In this work, by modeling the Zeeman broadening in a few Ti I lines near 2.2 
/um, strong surface magnetic fields have been consistently detected on a large sample 
of TTSs in the TW Hydrae association and the Orion Nebular Cluster (Chapter 2, 
3 and 4). For the CTTS TW Hydrae (Chapter 2), detailed spectrum synthsis is 
applied to a number of atomic and molecular absorption features to determine the 
key atmospheric parameters (Teg, logg, [M/H] and vsini), and observation of several 
magnetically insensitive CO lines serve as a good check of these parameters when 
systhesizing K band spectra of these objects. This allows us to be sure the line 
widths of the Ti I lines are well predicted without magnetic fields, allowing us to look 
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for excess broadening caused by magnetic fields. Furthermore, extensive Monte Carlo 
tests are, executed to quantitatively exam systematic errors in the recovered magnetic 
field measurements caused by possible errors in Teff or logg. We find that errors of 
this nature result in only about a 10% uncertainty in the field. An average magnetic 
field of 2.61 ±0.23 kG is measured for TW Hydrae, and this is generally in agreement 
with the predictions of magnetospheric accretion models by Konigl (1991), Collier 
Cameron & Campbell (1993) and Shu et al. (1994). However, the models all assume 
that the magnetic geometry on the TTSs is simply dipolar and this has been called 
into question (see Daou et al 2006 and Chapter 5). 
With magnetic measurements of 6 stars in the TWA and 14 stars in the ONC, 
along with those of 14 stars in Taurus (Johns-Krull, 2007), some collective character-
istics of the magnetic properties in clusters of different ages start to emerge. All the 
measured magnetic field strengths are greater than the equipartition values, typically 
by a factor of 2, which suggests that in the photosphere the magnetic pressure domi-
nates over the gas pressure in contrast to what is seen oh the Sun. This also implied 
that the surfaces of TTSs may be completely covered by the magnetic fields. Such 
strong magnetic fields could also make it somewhat difficult for convective gas mo-
tions to build up stress in the magnetic fields, and thus cause the under-production of 
X-ray emission of TTSs compared to main sequence stars. The magnetic flux displays 
a steady decrease over time from 1 Myr to 10 Myr, which supports the idea that the 
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strong magnetic fields on TTSs are fossil magnetic flux from the interstellar medium 
that survives the star formation process. 
Zeeman broadening technique measures the mean unsigned magnetic flux over the 
stellar surfaces and gives little information on the magnetic geometry on the TTSs. 
The field geometry can be explored by spectropolarimetric observations. Generally, 
a dipdle field geometry will have one polarity dominate over the visible hemisphere 
of the star, producing a strong net signed longitudinal magnetic field. We look for 
net circular polarization caused by a net longitudinal magnetic field on TW Hydrae 
(Chapter 5), and detect significant (over 3a) polarization on one and only one of 
the six observing nights. Combined with the mean magnetic field measurements of 
TW Hydrae (Chapter 2), we conclude that the net longitudinal field detected is much 
smaller than that which would be expected from a pure dipole magnetic configuration. 
On the other hand, strong circular polarization is detected in the He I 5876 A and 
Ca II 8498 A emission lines, indicating a strong field in the line forming region of these 
features. It is thought that the strong He I emission is produced in the accretion shock 
region where accreting disk material strikes the stellar surface. These observations 
suggests a scenario where there might be a dipole component of the stellar magnetic 
fields controlling the interaction between the central star and the circumstellar disk, 
but the stellar surface is probably dominated by small-scale magnetic structures like 
that seen on the Sun. 
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For future work, it will be very interesting to have magnetic field measurements of 
stars that are even older than the TWA stars and which are oh the radiative part of 
the Hayashi track, such as the stars in the /3 Pictoris moving group (20 Myr). These 
stars might have developed radiative cores so that a solar-like, interface,a—f2 dynamo 
could potentially operate and generate large scale magnetic fields. Such observations 
will help differentiate between the various theories on the origin of the magnetic fields 
onTTSs. 
Regarding the magnetic topology of TTSs, so far there have only been a few stud-
ies on a handful of CTTSs. No systematic spectropolarimetric investigations have 
been carried out for NTTSs, With available mean magnetic field strengths already 
available for sevaral NTTSs, additional spectropolarimetric studies will provide im-
portant information on the magnetic geometry on these stars. It will be interesting 
to see if there is any difference between the net longitudinal magnetic field of CTTSs 
and NTTSs and what effects circumstellar disks might have on the surface magnetic 
structure of these young stars. 
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